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ABSTRACT

A COMPARISON OF BIO-INSPIRED AND CONVENTIONAL ROUTING
ALGORITHMS FOR FIXED-WING UAV FANETS

Seker, Burak
M.S., Department of Information Systems
Supervisor: Assoc. Prof. Dr. Altan Kogyigit

Co-Supervisor: Assoc. Prof. Dr. Enver Ever

September 2021, [I39] pages

Fixed-Wing Flying Ad Hoc Network (FW-FANET) indicates a communication network in
which the nodes are fixed-wing UAVs, or drones, which are distributed within a 3D envi-
ronment. In Fixed-Wing Flying Ad Hoc Networks (FW-FANETS), the network topology
is very dynamic due to the mobility of nodes within a 3D environment. Hence, the selec-
tion of the routing algorithm is one of the main challenges. Among other alternatives, as a
Swarm Intelligence-based bio-inspired routing algorithm, AntHocNet offers a great potential
to deal with the issues of FW-FANETS. In this thesis, a bio-inspired routing algorithm, i.e.,
AntHocNet, and traditional routing algorithms, i.e., the AODV and OLSR, are compared in
FW-FANET applications using the NS3 network simulation environment. This comparison
examines how the increasing topology change rate and the increasing network load affect the
performance of compared routing protocols. The analysis of results and the comparison of
routing protocols indicate that the bio-inspired routing algorithm, namely AntHocNet, is a
viable option for FANET routing. Moreover, the factors affecting the connectivity of nodes

are investigated. The results indicate that there is a minimum threshold value for the average

v



number of neighbors to form a non-partitioned network, and this minimum value decreases

as the node speed increases.

Keywords: Flying Ad-Hoc Networks, Swarm Intelligence Algorithms, AntHocNet, Routing
Algorithms, Fixed-Wing UAV
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SABIT KANATLI INSANSIZ HAVA ARACLARININ OLUSTURDUGU UCAN
DUZENSIZ OLUSUMLU AGLAR iCIN BIYOLOJIK ESINLENMELI VE
GELENEKSEL YONLENDIRME ALGORITMALARININ KARSILASTIRILMASI

Seker, Burak
Yiiksek Lisans, Bilisim Sistemleri Boliimii
Tez Yoneticisi: Dog¢. Dr. Altan Kocyigit

Ortak Tez Yoneticisi: Dog. Dr. Enver Ever

Eyliil 2021, [139|sayfa

Sabit Kanatli Ucan Diizensiz Olusumlu Aglar, ag1 olusturan elemanlarin sabit kanatli insan-
s1z hava araglar1 veya dronlar oldugu ve bu elemanlarin 3 boyutlu ortam icerisinde dagildig:
iletigim aglaridir. Sabit Kanathh Ucan Diizensiz Olusumlu Aglarda ag topolojisi, ag eleman-
lariin 3 boyutlu ortamdaki hareketliligi nedeniyle ¢cok dinamiktir. Bu nedenle, yonlendirme
algoritmasinin se¢imi ana zorluklardan biridir. Biyolojik esinlenmeli AntHocNet yonlendirme
algoritmasi, diger alternatifler arasinda, Sabit Kanatli U¢an Diizensiz Olugumlu Aglarin so-
runlartyla basa ¢ikmada ciddi bir potansiyel sunar. Bu tezde, NS3 ag simiilasyon ortami1 kul-
lanilarak biyolojik esinlenmeli bir yonlendirme algoritmast olan AntHocNet ve geleneksel
yonlendirme algoritmalart olan AODV ve OLSR, Sabit Kanatli Ugan Diizensiz Olusumlu Ag
uygulamalari i¢in karsilagtirilmigtir. Bu karsilastirmada, artan topoloji degisim hizinin ve ar-
tan ag yiikiiniin, karsilagtirilan yonlendirme algoritmalarinin performansini nasil etkiledigi in-
celenmektedir. Sonuclarin analizi ve yonlendirme protokollerinin karsilagtirilmasi, biyolojik

esinlenmeli AntHocNet yonlendirme algoritmasinin Sabit Kanatli U¢an Diizensiz Olugumlu

vi



Aglarda yonlendirme algoritmasi olarak uygun bir se¢enek oldugunu gostermektedir. Ayrica,
ag elemanlarinin birbirlerine baglanabilirliklerini etkileyen faktorler arastirilmistir. Sonuglar,
boliimlenmemis bir ag olusturmak i¢in ortalama komsgu sayis1 icin minimum bir esik degeri-

nin oldugunu ve diigiim hiz1 arttikca bu minimum degerin azaldigim1 gostermektedir.

Anahtar Kelimeler: Ucan Diizensiz Olusumlu Aglar, Siirii Zeka Algoritmalari, AntHocNet,
Yonlendirme Algoritmalari, Sabit Kanatli insansiz Haca Araci
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CHAPTER 1

INTRODUCTION

Technology is evolving toward working together to achieve significant tasks. This technology
trend spreads over many research areas, from BigData clusters to swarm robotic applications.
The advancements of silicon technologies that make the sensors and the computing power
of integrated chips improve each passing year while becoming cheaper strongly support this
trend. In this new age of Technological Democracy, where individual agents become more
intelligent and more affordable, new research areas concerning the swarm of unmanned areal
vehicles (UAVs) getting more and more attention from researchers [1] because the use of
multiple UAVs makes the completion of the missions easier by providing flexibility and ro-

bustness in the task assignments [2].

The swarm of UAVs has a great potential to provide many advantages in completing tasks or
providing solutions for many application areas. However, this also brings some challenges.
One of the main challenges is the issue of mobility. UAVs are much faster than the nodes of
other ad hoc networks, namely MANETs and FANETSs. Moreover, the movement patterns of
UAVs are 3D movements while the nodes of MANETs and VANETs move in a 2D environ-
ment. Due to this, the mobility models used for UAVs differ from the mobility models used
for the nodes of MANETs and VANETSs. Also, the network topology of FANETS is more

dynamic than other ad hoc networks.

The interest in the swarm of UAVs also brings communication challenges with it, which is un-
derstandable. After all, to work together, the agents of any crowd need to communicate with
each other. Moreover, since FANET network topology is more dynamic than MANET and

VANET, it requires special solutions to cope with the higher rate of change in network topol-



ogy. Accordingly, the need for communication between UAVs, which provides many tough
challenges for researchers, is acknowledged and makes Flying ad hoc Networks (FANETS)

an important area of research.

As chips’ performance, scale, and functionality are improving day by day [3] and wireless
technology, which binds the agents of the swarm of UAVs, are getting more capable, the
need for communication increases with the new requirements expected from FANET applica-
tions. The increase in communication requirements further increases the significance of the

optimization of network communication.

Routing protocols, or algorithms, have been sharing the soul of this age of Technological
Democracy for some years. Especially in the last decade, Swarm Intelligence (SI) based, or
bio-inspired, routing algorithms targeting ad hoc network applications are becoming popular
among researchers because of the innate similarity between SI-based algorithms and ad hoc
networks. Sl-based algorithms, inspired by the different swarms of life forms, such as ants,
bees, birds, and wolves, also carry the properties of autonomous agents, self-organization,
and division of labor. These properties make bio-inspired routing algorithms a good match
for ad hoc network applications. Because of the innate similarity between bio-inspired routing
algorithms and ad hoc networks, many researchers have offered bio-inspired algorithms for

ad hoc networks for the last two decades [4]], [5], [6].

Even though bio-inspired algorithms are used for ad hoc networks in recent years, there is a
gap within the literature concerning bio-inspired routing algorithms in FANET Applications
consisting of Fixed-Wing UAVs (FW-UAVs). The literature lacks the research on the perfor-
mance of bio-inspired routing algorithms in FW-UAV FANET applications with appropriate
mobility models and using 3D network simulations. In order to fill this gap, this research
compares bio-inspired and traditional routing algorithm performances and observes the effect
of mobility model and node speed, in other words, the effect of the topology change rate, on

the ad hoc network communication performance of routing algorithms.



1.1 Problem Statement

The problem of routing the network traffic in FW-UAV networks is a significant problem
and getting more and more popular. Establishing efficient communication among the nodes
within a FANET application is crucial to make the swarm of nodes complete their assigned
tasks effectively. Even though bio-inspired routing algorithms are likely to fit well to FANET
applications and have the potential to provide a promising solution for routing in FANET
applications, there is a lack of research that shows the applicability of bio-inspired routing

algorithms to FANET applications.

This research addresses the problem of routing in FW-UAV FANETSs by comparing the bio-
inspired routing protocols with traditional routing protocols in a 3D space and measuring
the effect of various mobility models and various network loads on the performance of the

compared routing algorithms.

Apart from routing, the issue of the minimum node density, i.e., the minimum average number
of neighbors, to enable full connectivity is also addressed by this study because determining
the average number of neighbors is necessary for designing an ad hoc network application.
Since the nodes are mobile in FANETS, the effect of the node speed on the minimum value of
the average number of neighbors for providing a non-partitioned network is observed within

the scope of this research.

1.2 Purpose Statement

The purpose of this experimental research is to inquire whether a bio-inspired routing algo-
rithm, namely AntHocNet, is a viable option for FW-UAV Networks. The network perfor-
mance of the above-mentioned bio-inspired routing algorithm and the network performances
of the traditional routing algorithms, namely AODV and OLSR routing algorithms, are com-
pared to carry out this inquiry. Executing network simulations for FW-UAV ad hoc networks
in a 3D simulation environment and measuring mean end-to-end delay, mean end-to-end jit-
ter, packet loss ratio, mean hop count, and routing overhead parameters provide a base for

comparing routing protocols.



The nature of FW-FANETS requires the simulations to include scenarios where the speed of
nodes is much higher than scenarios used for MANETs or VANETSs. Moreover, apart from
the high node speed requirement, the usage of mobility models suitable for FW-FANETS is
also required. Following these, the scenarios determined for this study aim to scan various

node speeds using various FW-UAV mobility models, such as PPRZM and EGM.

1.3 Significance of Study

It is essential to show that bio-inspired routing algorithms can perform better than traditional
routing algorithms because there is a gap within the literature concerning the use of bio-
inspired routing algorithms in FW-UAV ad hoc networks. Moreover, within the literature,
most of the studies concerning routing lack the necessary simulation environment to address
the routing issue of FW-FANET networks, such as 3D environment, the usage of an appropri-
ate mobility model, and the spanning the appropriate node speed ranges. This research aims

to fill this gap.

In this respect, one of the contributions of this research is that it compares network perfor-
mances of a bio-inspired routing algorithm, namely AntHocnet, and the traditional routing
algorithms, namely AODV and OLSR, by conducting simulations in a 3D environment and

with mobility models offered for FW-FANETS.

The second contribution of this research is that it compares the mobility models designed
for FW-FANETSs, such as PPRZM and EGM, with RWP, which is the mobility model used in
most ad hoc network researches within the literature. In other words, this research investigates
the effect of the mobility model on the performance of the mentioned routing algorithms.
Comparison of PPRZM and EGM with RWP also provides a base for comparing the results
of this study with other researches concerning ad hoc network routing since most of the studies

use the RWP mobility model in their simulations.

In [[7]], it is stated that to obtain a non-partitioned network communication, in other words,
an above 90% connected coverage, there is a minimum value regarding the average number
of neighbors in immobile ad hoc networks. If the value of the average number of neighbors

drops below a certain threshold, then the network becomes partitioned and the connectivity
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of nodes degraded. Therefore, to execute a simulation scenario where the network stays
non-partitioned, the effect of node speed on the minimum value of the average number of
neighbors is investigated. In other words, it can be said that another contribution of this
research is about the effect of the node speed on the minimum value of the average number of
neighbors, which is required for a non-partitioned network communication; and, within the
boundaries of this study, how the minimum value of the average number of neighbors changes

with increasing node speed is examined.

1.4 Research Questions and Hypotheses

The research questions and hypotheses of this study are as follows:

1. How does an increase in the topology change rate affect the communication perfor-

mance of the compared routing algorithms, namely AODV, OLSR, and AntHocNet?

e [t is anticipated that the communication performances of the compared routing
algorithms, i.e., AODV, OLSR, and AntHocNet, degrade as the topology change
rate increases because it gets harder to execute route maintenance processes. We
expect to see that the communication performance provided by AntHocNet is bet-

ter in increasing topology change rates than the communication performances pro-

vided by AODV and OLSR.

2. How does an increase in network load affect the communication performance of the

compared routing algorithms, namely AODV, OLSR, and AntHocNet?

e It is anticipated that communication performances of the compared routing algo-
rithms, i.e., AODV, OLSR, and AntHocNet, degrade as the network load increases
because of the network congestion. We expect to see that the communication
performance provided by AntHocNet is better in various network loads than the

communication performances provided by AODV and OLSR.

3. What factors affect the connectivity of the whole network in an FW-UAV FANET ap-

plication?



o We expect to see that the average number of neighbors affects the connectivity of
the nodes within the FW-FANETS, if not appropriate causing a partitioned net-

work.

1.5 Assumptions

The assumptions of this research are stated as follows:

1. The data collected with the NS-3 simulation tool provides a good base for finding the

answers to the research questions of this study.
2. Itis assumed that when the packet loss ratio is below 0.1, the network is non-partitioned.
3. Itis assumed that IEEE 802.11g technology is used in FANETSs.
4. It is assumed that the transmission range is adjustable.

5. It is assumed that within the transmission range, RSSI is excellent, and there is no free
space loss for signal power, while outside of the transmission range, no signal can be

received.
6. It is assumed that there are no obstacles between nodes or UAVs.

7. Itis assumed that the range of speed for FW-UAVs is between 5 m/s to 120 m/s.

1.6 Thesis Organization

This study consists of six chapters. The introduction chapter presents the problem statement,
statement of purpose, and statement of significance. Moreover, the first chapter provides
the formulations of research questions, hypotheses, and assumptions. The background infor-
mation chapter, i.e., chapter two, provides brief information regarding the wireless ad hoc
networks, routing protocols, and mobility models for ad hoc networks. The second chap-
ter also explains the wireless ad hoc networks, routing protocols, and mobility models. The

third chapter provides a literature review referenced by this research. The fourth chapter



presents the research methodology in detail by explaining the simulation environment and
how this study uses the simulations by providing the dependent and independent parameters
and constants and simulation scenarios used for data collection. The fifth chapter analyzes the
simulation results. Finally, the last chapter displays the significant results, the contributions

of this study, the limitation of this research, and future recommendations.






CHAPTER 2

BACKGROUND INFORMATION

This chapter presents background information concerning ad hoc networks, routing proto-
cols, and Swarm Intelligence. Moreover, The types of ad hoc networks are briefly discussed
together with their essential aspects. This chapter also discusses the types of mobility models,
their fundamental aspects, and their effect on network communication. Within the lines of this
presentation, it is also intended to answer why ad hoc networks need unique routing mech-
anisms. Together with this inquiry, these routing mechanisms are categorized, and the state
of art routing algorithms is briefly explained for completeness. Finally, in this chapter, brief
information regarding swarm intelligence and swarm intelligence-based routing algorithms
are given. Although this work does not intend to put a complete taxonomy of bio-inspired or
swarm intelligence-based routing algorithms, the key aspects of this branch of routing algo-

rithms and their place in ad hoc routing protocols are shown.

2.1 Wireless Ad hoc Networks

Ad hoc networks are the type of networks that are established without infrastructure or a
predetermined topology [8]. Ad hoc networks are established between nodes, which are the
communicating components of the network, on the fly and according to the communication
need. In other words, this kind of network does not have ’fixed routers’ as Jayakumar puts it
and consequently does not have predetermined routing paths [[8]. The packet routing is deter-
mined according to the flows and network traffic and without a centralized control mechanism.
Since there is no centralized network control mechanism, this responsibility is divided among

the nodes. In other words, the nodes are not just the end-users but also responsible for routing



the packets for their neighbors and responsible for determining where to relay packets. This
aspect of ad-hoc networks implies that the packets travel from node to node until they reach
their destinations or are lost along the way. For this reason, an ad hoc network is also named

as multi-hop network.

Ad hoc networks have a dynamic topology, which implies that the network’s topology is
changing throughout the network’s lifetime. This characteristic may stem from different rea-
sons depending on the type of the ad hoc network. For instance, in Wireless Sensor Networks,
some nodes may disconnect because of some environmental effect or battery run out and can-
not continue to route packets for their neighbors or themselves. In such cases, the traffic
should be rerouted because the path using ex-node is unavailable, and therefore, the topology
is changed. On the other hand, for mobile ad-hoc networks, the topology of nodes changes
due to mobility. Also, the set of their neighbor nodes changes as a node moves. This situation
may necessitate updating the existing network traffic routes. In this changing network topol-
ogy, the nodes should be smart enough to cope with change, and they must implement some

kind of routing algorithm that steers the network traffic according to the situation.
Another point that should be mentioned about ad hoc networks is that they are generally
designed for a specific purpose or a specific use case. According to the purpose of design;

e the network can consist of homogeneous or heterogeneous nodes,

e the nodes can be clustered or not,

e nodes can be static or mobile,

e number of nodes, deployment area, and network traffic may vary,

e and hence the use of different routing algorithms may be needed.
Within the literature, ad hoc networks are generally categorized according to the mobility
type of nodes. The most common categories are WSNs, MANETSs, and VANETs. However,
with the increasing interest in unmanned aerial vehicles (UAVs), another category of ad hoc

networks, namely FANETS, is getting more and more attention. The properties, challenges,

and differences of these ad hoc networks are examined in the following sections.
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2.1.1 Wireless Sensor Networks

Wireless Sensor Networks (WSNs), or ad hoc Wireless Sensor Networks (AWSNSs), are gen-
erally designed to monitor the events within target environments. However, according to the
aimed application, the nodes in WSN applications need to have computing and data process-
ing capabilities apart from sensing environmental changes [9]. In this kind of ad hoc network,
the nodes are generally stationary and scattered around the deployment area. The positions
of nodes, or sensors, can be arbitrary and might not be determined before deployment [[10]].
In other words, wireless sensor nodes are deployed ’in ad hoc manner without any sort of
appropriate planning or research’ [6]. This nature requires a communication structure that
can be applied for various network topologies because, after nodes are deployed, they need
to establish communication among themselves and start transmitting data to a base station
or sink node. For this communication structure to operate, the nodes of the Wireless Sensor

Network need to have the ability to self-organize autonomously [[10].

Another challenge that requires specially designed routing algorithms for WSN is the issue of
power consumption. In WSNss, the nodes are generally designed to be cheap devices that can
sustain the target environment independently because they are generally deployed in large
numbers. This situation makes power consumption a crucial issue; because it is close to

impossible or impractical to change the batteries of nodes or recharge them [6].

For a sensor node, the main power-consuming operation is wireless transmission; because it
is costly to transmit wireless signals. For this reason, in WSN applications, sensor nodes are
designed to have a limited transmission range to reduce power consumption. Since the sensors
have a limited transmission range, all sensor nodes may not transmit directly to the base
station or a subset of other nodes. Hence, sensor data is relayed via neighbor nodes until they
reach their destinations. Furthermore, the nodes may die, in other words, leave the network.
There may be many reasons that cause a node to leave the network. For instance, it is possible
for a node to be damaged, or destroyed, due to environmental effects. It is also possible for
the battery of a node to dry up. Either way, the topology of the network may change because
due to a node leaving the network. In order to organize the mentioned multi-hop network
mechanism in changing network topologies autonomously, specific routing algorithms are

needed. The routing algorithm implemented on each node could also be designed to prolong
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network lifetime by balancing the power consumption of nodes achieved by balancing the

packet forwarding responsibility among nodes.

2.1.2 Mobile Ad Hoc Networks (MANETS)

MANETsS are one of the most popular and most researched branches of ad hoc networks. A
MANET consists of mobile nodes, which have wireless communication capabilities. These
mobile nodes can set up a communication network within themselves without any centralized
administration [11]]. Since nodes are mobile, they quickly join or leave the network, and thus

the network formed between these nodes has a changing topology [4]].

In MANETS, the mobility of nodes is generally minimal and does not change drastically.
Even though they move randomly, the node speeds are generally between 1 m/s to 10 m/s.
Moreover, the nodes are mobile on a plane, i.e., a 2D space [12]. Compared to VANETSs
and FANETs, MANETS’ topology change rates are lower. However, they have higher energy
constraints than FANETSs, and VANETs [[13]. Moreover, Mobile Ad Hoc Networks gener-
ally have higher densities as MANET applications are designed for smaller areas than areas

covered in FANET and VANET applications.

2.1.3 Vehicular Ad Hoc Networks (VANETS)

VANETS are a subset of ad hoc networks and consist of vehicles, such as buses, cars, or
trucks, as nodes. It is a crucial technology for intelligent transportation systems and the
vision of smart city [[14]. The main idea behind VANETS is the communication of vehicles
that exchange information among themselves and with transportation infrastructure to provide

traffic management, safety, efficiency, and quality and commercial applications.

The communication need of VANETS can be divided into two main categories, namely, com-
munication among the vehicles, i.e., moving nodes, and the communication with transporta-
tion infrastructure, i.e., roadside units (RSU), which have access to the Cloud and handle the

data storage and analysis responsibilities [[15].
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The network topology of a VANET is more inclined to change than a MANET’s network
topology; because the mobility degree of a VANET is higher than that of a MANET, and
nodes move at higher speeds ranging from 5 m/s to 25 m/s. However, while in MANETS,
the node mobilities are not necessarily confined to particular regions and are usually modeled
randomly, in VANETS, vehicles moving upon the roads and the mobility models used for
VANETs are less random than MANETSs. Therefore, the mobility models used for VANETSs
are not pure random models. In VANETS, mobility models such as Manhattan Grid, which
uses grid road topology on a 2D plane, or other prediction-based models are considered [[12],

[LL3].

The difference in nodes and deployment environment also brings some variations in energy
constraints and node density. In VANETS, energy consumption is not considered a critical
issue because vehicles can provide enough power, while in MANETS, it is one of the main is-
sues because power is a scarce resource for MANET nodes that have scarce resources. More-
over, VANET applications are designed to cover much larger areas than that of MANETS,

making the node density lower than the node densities in MANET applications.

2.14 Flying Ad Hoc Networks (FANETS)

FANETSs are another subset of ad hoc networks that caught much attention within the last
decade [I16]], [I177]], [18], [19], [20]. A FANET consists of unmanned aerial vehicles (UAVSs) as
nodes, and similar to other ad hoc networks, the communication paths are established in an

ad hoc manner between the nodes.

The application areas of FANETS are vast, from monitoring and surveillance to military search
and destroy missions or even search and rescue missions in disaster areas [2]. These appli-
cation areas need different classes of UAVs; therefore, various kinds of UAVs may be used
according to the aimed application area. In some applications, the UAVs need to move faster
and longer than others, and thus Fixed-Wing UAVs (FW-UAV) are used [21]]. In some other
applications, UAVs need to place themselves almost stationary above the targeted area, for

instance, around a disaster area; therefore, Rotary-Wing UAVs (RW-UAV5s) are selected [211],
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[22]. While FW-UAVs are more suitable for applications intended for larger operation areas,

other applications aimed for smaller areas are a better fit for RW-UAVs [23]].

In any case, FANET nodes are a lot faster than MANETS, and generally faster than VANETS.
For RW-UAVs, the node speeds are around 15 m/s - 20 m/s [12]. For FW-UAVs, on the
other hand, nodes may move with a velocity of 30 m/s up to 120 m/s [12], [15]. Another
important point that differentiates FANETs from VANETSs and MANETs is the node mobility
type. While nodes generally move in a 2D space in MANETs and VANETs, FANETSs have
a 3D mobility because the nodes are UAVs. This situation makes designing, simulating, and
verifying FANET applications more challenging. Another point that should be mentioned is
the issue of mobility models. While it is appropriate to use randomized mobility models for
RW-UAVs such as 3D Random Way Point (RWP) mobility model [[12]; Random Way Point
(RWP), Random Direction (RD), or Manhattan mobility models are not suitable for FW-UAV's

due to the movement characteristics [23]].

The properties of FANETSs mentioned above, i.e., higher node speeds and 3D mobility, make
the network topology a lot more dynamic than MANETs and VANETSs. On the other hand,
the node density of a FANET application is usually lower than the node densities of MANET
and VANET applications.

2.2 Routing Protocols In Ad Hoc Networks

As explained in Section various kinds of ad hoc networks have various requirements to be
satisfied. The discussions provided identifies the management of the data flow, i.e., routing,
as a common issue for the existing studies on ad hoc networks. After all, the problem of
routing in ad hoc networks is an NP-hard optimization problem [4]]; which means that in the
worst case, finding a solution to the question of how to route a packet most efficiently requires

exponentially increasing time as the size of the network increases [24].

In order to overcome the problem of delivering network packets in ad hoc networks, various
routing protocols are offered in the literature. This section is intended to present not a com-

plete taxonomy of routing protocols but the main branches. In other words, in this section,
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the selected traditional routing algorithms are presented and explained to provide a base for

this comprehensive work.

The main distinction presented in the literature between routing algorithms is based on when
to determine and how to maintain a route for a particular transmission. In proactive routing
algorithms, for instance, firstly, routing messages are exchanged among nodes to produce a
snapshot of the current topology. In other words, each node obtains the information of the
set of neighbor nodes and the link qualities. Then, when a packet is needed to be sent to a
particular node, this information is used to select the source-to-destination route. In summary,
the information for route selection is proactively generated before it is needed. In reactive
routing algorithms, on the other hand, when a packet is sent to a particular node, control
messages are sent from the source towards the destination to find a source-to-destination path.
According to the reply messages, the route selection occurs, and the packet is sent. In reactive
routing algorithms, the node discovers the available routes by reacting to the need for packet

transmission.

There are also other types of routing algorithms, such as hybrid algorithms, which integrate
both reactive and proactive routing algorithm components [13], [25], or bio-inspired, i.e.,

Swarm Intelligence (SI) based, routing algorithms [4], [26], [27], [9].

In the following subsections, some of the traditional routing algorithms are explained in more
detail. The selected algorithms are OLSR for proactive routing algorithms and AODV for re-
active routing algorithms. Moreover, brief information concerning swarm intelligence-based

algorithms is presented, and AntHocNet as a bio-inspired routing algorithm is explained.

2.2.1 Optimized Link State Routing (OLSR)

OLSR is a table-driven, proactive routing algorithm that is widely used primarily for MANET
applications. It is a proactive routing protocol in which every node holds all necessary routing

information regarding other nodes before there is a need for packet transmission [28]].

Each node within the network selects its MPR (Multipoint Relay) nodes. MPRs are a subset

of neighbor nodes, and they are the relay point for a particular node for 'flooding control
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traffic’ [29]. Only the MPRs of a specific node re-transmit the broadcast control messages
to the network. A particular node selects its MPR nodes to relay a message to all of its two-
hop neighbors via selected MPR nodes. This mechanism increases the efficiency in flooding

control messages and reduces routing overhead by cutting redundant control messages.

According to the RFC 3626, OLSR uses three fundamental types of messages, namely Hello
messages, Topology Control (TC) messages and Multiple Interface Declaration (MID) mes-
sages [29]]. Hello messages are periodic messages which are broadcasted by nodes to their
1-hop neighbors. With Hello messages, nodes periodically learn about their neighbor nodes,
available links and update their routing tables accordingly. 7C messages are used to keep
track of the topology. With TC messages, nodes can hold the most recent information regard-
ing the link states. Also, 7C messages hold information of MPR selectors of the sender node,
which indicates the set of nodes whose routing messages can be acquired through this sender
node due to that the sender node will re-transmit them. MID messages are used to inform the
network about multiple interfaces. When a particular node has multiple interfaces through
which communication can be established, it periodically advertises this information via its

MPRs using MID messages.

In OLSR, thanks to periodic Hello and TC messages, route selection does not cause additional
delay for data flow since the routes are available all the time [30]. This property makes
OLSR a suitable candidate for delay-sensitive applications. Moreover, OLSR can adapt to the
changes in the topology and is suitable for ad hoc networks. However, there is a balance and

a limit to how much OLSR can adapt.

OLSR uses periodic messages to flood MPRs in order to detect the topology changes. If it
is intended to use OLSR in highly dynamic topologies, control message intervals should be
reduced to adapt to the topology changes. However, reducing the periodic message intervals
increases the control traffic throughout the network and consequently increases routing over-
head significantly. In other words, the proactive nature of the OLSR routing algorithm back-
fires as the topology change rate increases. Because, as the topology change rate increases, it

gets harder to learn the topology beforehand.
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Regardless, it is one of the traditional routing algorithms widely used in ad hoc network

applications.

2.2.2 Adhoc On-Demand Distance Vector (AODYV)

AODV is one of the most studied reactive routing protocols, which mainly focus on handling
dynamic topologies. AODV is an on-demand protocol that indicates that the routes are estab-
lished when a node, i.e., a source node, needs to send data to another node, i.e., destination
node, and this route information is held by nodes as long as the source node needs them [31].
Another property of AODYV is that it requires less processing and memory resources while
being able to cope with dynamic link changes [28]], [32]. AODV can notice the link breaks

and spread this information among nodes to update their routing tables accordingly.

According to RFC 3561, AODV uses three fundamental control message types to provide
above mentioned utilities, namely Route Request (RREQ), Route Reply (RREP) and Route
Error (RERR). For circulating the control messages, AODV uses UDP/IP stack [32]]. As men-
tioned above, the AODV is an on-demand protocol, meaning that it starts on its own accord
when a packet needs to be sent by a node, and nodes do not know the route to send the packet.
At this point, the source node broadcasts an RREQ message, which carries the information
of the destination node along with some sequence numbers, which is used to avoid routing
loops and stale route information and indicates the freshness of the information. Each node
that receives the RREQ message controls its routing tables to provide a route for the request.
If a suitable and fresh route is found, an RREP message is sent back to the source node, indi-
cating that the route it sought is available via the node that sends back the RREP message. If
a suitable route is not found, the RREQ message is forwarded until a route is found. In other
words, RREQ messages are flooded towards the destination node if no valid route informa-
tion toward the destination node is present among intermediate nodes. Furthermore, RREP

messages are unicasted back via the freshest and the shortest route towards the source node.

In AODV, route lengths are considered in the scale of the number of hops. After receiving

an RREP and starting transmission, the source node can receive another RREP with a shorter

17



route. In this case, the source node can update its routing table and use the better, i.e., shorter,

route to send data packets [30].

The nodes hold the active route information in their routing tables as long as the route is used.
The nodes determine whether a route is active or not according to a timeout counter. If a
particular route in the node’s routing table is not used for a predetermined time interval, that
route is considered inactive and deleted from the node’s routing table. In other words, nodes
only keep information about active routes. Different from RREQ and RREP messages, RERR
messages are used to adapt to changes in topology. Whenever a node detects a broken link
that is used by the active routes that are in the routing table, it unicasts a RERR message to the
source node of the concerned active route in order to inform it that the route is broken so that
the source node initiates an RREQ message to set up a new route [30]. By using the RERR

messages, AODV can adapt to changes in the network topology.

In AODV, thanks to its reactive or on-demand nature, it is not necessary to send periodic
control messages within the network, which decreases the routing overhead. AODV is also
highly scalable and a low-cost routing algorithm that can adapt to changes in the network.
However, it should be emphasized that whenever a new transmission is needed, it puts some
initial delay until the route is established. Moreover, the route breaks increase as the topology
changes faster. Consequently, delay and routing overhead increase. Nevertheless, it is another

traditional routing protocol widely studied and used in ad hoc networks.

2.2.3 Swarm Intelligence Based Routing Algorithms

SI is inspired by the group behavior of various life forms such as ants, bees, birds. The
common notion that can be derived by inspecting the life of these organisms is that even
though they form a group from individual agents with limited capability, the group itself can
accomplish its purpose efficiently. Inspired by the fact that the group of agents with limited
capability completes complex tasks efficiently, bio-inspired algorithms are investigated in
studies such as [33], [34], [35]. These studies interest simple agents that communicate with
neighbor agents within a complex environment to realize a complex job, like an ant colony or

a flock of birds [36].
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The main characteristics of a swarm intelligence behavior are self-organization and division of
labor [5]]. Self-organization refers to the ability to execute necessary jobs by using feedback
mechanisms without any centralized control or planning. Moreover, the division of labor
indicates the property of a group where different kinds of responsibilities are divided among

agents, consequently differentiating the agents within the swarm.

These characteristics make bio-inspired algorithms flexible and efficient in solving nonlinear
problems [37]], such as routing issues in ad hoc networks like WSN and MANETs [5]. In
recent years, SI-based routing algorithms are also considered for FANETS, as they also hold
great potential to solve the issue of routing in highly dynamic network topologies [38], [39],

[40].

In [37], swarm intelligence algorithms are divided into eight different categories, namely Ant
Algorithms, Bee Algorithms, Bat Algorithms, Particle Swarm Optimization, Firefly Algorithm,
Cuckoo Search, Flower Pollination Algorithm and Other Algorithms. Each of these groups
gets themselves a fair amount of research area within the literature, and some are applied for

routing in ad hoc networks.

It is not in the scope of this research to put a complete taxonomy of swarm intelligence-based
algorithms. However, the AntHocNet routing algorithm, which belongs to the family of Ant
Algorithms, is presented in the following section because it is claimed to be superior to AODV

and OLSR for FW-UAV networks in this research.

2.2.3.1 Ant Algorithms and Ant Colony Optimization

AntHocNet belongs to the category of Ant Algorithm and employs an approach similar to
Ant Colony Optimization (ACO) [41]]. For this very reason, firstly, how the ACO works is
investigated. Then, the way the AntHocNet routing algorithm uses the ACO is clarified while
explaining the working mechanism of the AntHocNet as a routing protocol. This section
also intends to emphasize how swarm intelligence behavior is adapted and used for routing

algorithms in the example of the AntHocNet routing algorithm.
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Ant Algorithms, and also ACO and AntHocNet, are inspired by the foraging mechanism of
ants [37], [24]. Ants cooperate to find the shortest path from their nest to the food source. This
cooperation is conducted by exchanging messages that all other ants can understand within
the colony, namely pheromone. The pheromone is a chemical that can be spilled and smelled

by ants [24].

If an ant finds a food source, it carries it back to its nest while leaving a trail of pheromones.
Other ants that pick the trail also start transferring the food to the nest. Pheromone is a kind of
chemical that evaporates with time, and therefore the density of the pheromone decreases with
time. If there are multiple trails to the food source, ants choose the path that the pheromone
density is higher than others. The longer the path, the lower the pheromone density within the
trail and the fewer ants choose. This mechanism enforces the shortest path to the food source,

and with time, all the ants start to use the shortest path [36], [24]], [37].
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Figure 1: Ant Colony Optimization Mechanism [38]

The above-mentioned meta-heuristic approach is used in ACO algorithms. In ACO, artificial
ants follow a stochastic process to construct a solution iteratively for the search. As the partial
solutions pile up, more information is ready to be taken into account. In [24]], it is stated

that the information created and accumulated in each iteration is the heuristic information
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that is obtained from the iteration being solved and the artificial pheromone trail that is an
indicator of agents’ search experience. As these iterations are being made, the solution that
the algorithm forms usually converge to an optimal solution [37]. The use of a stochastic
process provides an ACO algorithm to try a broader range of possible solutions than greedy

approaches [24].

2.2.3.2 AntHocNet Routing Algorithm

As stated, AntHocNet benefits from the ACO approach and applies it to routing in MANETS,
which is an NP-hard problem. AntHocNet contains both reactive and proactive components,
which makes it a hybrid algorithm. The reactive component of AntHocNet is that it tries to
find solutions when a data packet is needed to be sent. In other words, just like AODYV, it finds
routes only when active communication is requested. On the other hand, AntHocNet has a
proactive component which is that even though a route is obtained for the packet transmission,
AntHocNet tries to find better routes and tries to maintain the current solution due to its

iterative nature [41].

In the AntHocNet routing algorithm, ants described in ACO turn into control messages that
carry route information and route quality information, i.e., pheromone. There are five different
control message types present in the AntHocNet algorithm, namely, reactive forward ants
(RFWA), reactive backward ants (RBA), proactive forward ants (PFWA), proactive backward

ants (PBA) and pheromone diffusion (PD) messages.

When data transmission is needed, the source node initiates reactive route setup process [41]].
In this process, the source node sends an RFWA to its neighbors. If a node, sending or for-
warding an RFWA message, has information about the destination of RFWA in its pheromone
table, then it unicasts the RFWA message using the information that resides in its pheromone
table; and if it does not have this information, then it broadcasts the RFWA message. RFWA
message travels from the source to the destination while carrying the node chain informa-
tion that has traversed along the way. After the RFWA message reaches the destination, it is

converted into an RBA message and backtracks to the source node. RBA message updates
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the pheromone tables as it travels back to source node according to the link qualities. The

pheromone tables are the accumulation place of the solutions, i.e., better routes.

In this reactive route setup process, some additional points should be emphasized. First of
all, when intermediate nodes are unicasting an RFWA message, the destination is selected
probabilistically and according to the pheromone information in the node’s pheromone table.
This mechanism provides AntHocNet to find other possible solutions as well. Secondly, ac-
cording to the implementation of the algorithm, intermediate nodes can forward only the first
RFWA message or up to a certain number. However, Ducatelle suggests that the forwarding
nodes should discard other RFWA messages after forwarding the first one to reduce the rout-
ing overhead [41]]. Finally, when an RFWA message reaches its destination and is converted
into an RBA, other RFWA messages that arrived at the destination after the first one will be
discarded. In reactive route setup process, the primary purpose is finding a route (optimal or

not) that the data transmission can be executed and establishing a communication session.

After the communication session is established, proactive route maintenance process starts,
and it is executed as long as the communication session is alive. This process contains two

different parallel jobs, namely Pheromone Diffusion and Proactive Ant Sampling [41]].

In the Pheromone Diffusion process, the pheromone information placed by RBAs is broad-
casted periodically to neighbor nodes so that it becomes possible for them to calculate their
pheromone information. Furthermore, neighbor nodes also broadcast their pheromone infor-
mation to their neighbors. This Pheromone information spread via PD messages is considered
a virtual pheromone, and it does not override the regular pheromone placed by Backward

Ants. This pheromone information is used for proactive forward ants.

In the Proactive Ant Sampling process, the source node of the communication session peri-
odically sends Proactive Forward Ants (PFWAs) towards destination nodes. PFWA messages
are forwarded by each node in a stochastic way, i.e., calculating the next node probabilisti-
cally using the virtual and regular pheromone information. Just like RFWAs, once PFWAs
reached the destination node, they are converted back into PBAs and retrace their path back to

the source node while updating the pheromone information on each node on their way back.
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With these processes, pheromone tables are created and updated at each node. When a data
packet is sent from the source node, the next hop of the data packets is selected by another
probabilistic formula that uses only regular pheromone information. It should be noted that
while PFWAs are forwarded in a more exploratory way, data packets are forwarded more

securely.

The AntHocNet algorithm also contains a mechanism to detect link failures and tries to repair
them locally. When a link fails, the node detecting the link failure updates its pheromone
tables and notifies its neighbors about this event. It is also possible that the node detecting
the link failure initiates a local route repair process in which it sends Forward Ants similar to
RFWAs, but they have limited lives. This limitation is placed so that it does not travel far from
the failed link. These forward ants reach the destination and are converted into backward ants
and return to the node that detected the link failure by updating the pheromone tables on their

way back to the node.

To sum up, AntHocNet is a bio-inspired routing algorithm that contains reactive and proactive
components. It iteratively tries to improve the established route. This improvement effort also

brings adaptability to the changes that occurred within the network topology.

2.3 Mobility Models In Ad Hoc Networks

Mobility Models concern how the nodes move in an ad hoc network. It is a way to express
how the nodes’ positions, velocities, and accelerations change in time [12]. Determining node
mobility is a significant part of designing an ad hoc network application because it directly
affects the performance of routing algorithms and should not be overlooked [42], [43]], [44],
[45]].

In the literature, mobility models are divided into several categories. Bujari et al. divide the
mobility models for FANETSs into five different categories, namely randomized, time/space
dependent, path planned, group and topology control based [46]. On the other hand, Guillen-
Perez and Cano use the first four categories; however, they offered hybrid category instead
of topology control based category as the fifth one [12]. Although these mobility model
categories are mainly proposed for FANET applications, some have been used by MANETS
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and VANETs for decades. For instance, randomized models like Random Way Point and

Random Walk mobility models are used extensively for MANETS.

For VANETS, the importance of realistic mobility models increases, raising the mobility
model’s complexity. According to Harri et al., a realistic vehicular mobility model should
consider the traffic, vehicle characteristics, street topologies, obstacles, human driving pat-
terns, attraction, and repulsion points [44]]. On the other hand, in the Manhattan Grid mobility
model, nodes randomly move either horizontally or vertically by assuming a grid road topol-
ogy [45]. Apart from the above-mentioned realistic mobility models, mobility models like the

Manhattan Grid are also used for VANETS [12]].

The randomized mobility models are the most common mobility models for ad hoc networks.
They are the simplest models where the speed, direction, acceleration of each node change in-
dependently and uniformly distributed randomly. Moreover, in randomized mobility models,
nodes do not take into account their past movements; in other words, no feedback mechanism
affects the decision of nodes about how to move [46]]. The most common randomized models

are Random Walk, Random Waypoint, Random Direction, and Manhattan Grid [12].

Time-dependent models are mobility models which use a formula to avoid sudden changes in
anode’s direction and speed [46]. The main idea behind this group is that the smooth changes
in node velocity vector are more realistic and better fit for many ad hoc network applications.
The prominent representatives of this group are the Gauss-Markov mobility model, Enhanced
Gauss-Markov mobility model, and Smooth Turn mobility model. In Gauss-Markov and
Enhanced Gauss-Markov mobility models, the smooth changes in direction and speed are
provided by using the previous state, i.e., speed and direction, of the node as an input for
the equation through which new speed and direction are calculated [47]. In the Smooth Turn
mobility model, sudden changes in the node’s direction and speed are avoided by making the
node move in a circular path. The center of the circular path is chosen as perpendicular to the

node’s current direction, which provides a smooth turning path for the node [12].

Path-planned models use a set of predefined patterns and make nodes use a pattern from
the provided set. The selection of a pattern from the set occurs randomly. However, node

movements fit one of the predefined patterns without any randomization. The most prominent
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representatives of this group are the Semi-Random Circular Movement and Paparazzi Model
[12]]. These models are FANET specific models, and they are created by modeling UAV
movements. Paparazzi Mobility Model, for instance, is a mobility model that offers a set of
UAV movements that are taken from the open-source Paparazzi Free Autopilot project [48].

It is a realistic mobility model for FW-UAVs [49].

Lastly, another important category of mobility models that should be mentioned is the group
mobility models. The models in this category use the idea that a subset of the nodes moves
together within a swarm of nodes. The group mobility patterns specially fit some of the
FANET applications [12]. The most known representatives of this category are Reference
Point Group Mobility (RPGM), Column (CLMN), Nomadic Community (NC), and Particle
Swarm Mobility Model (PSMM).
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CHAPTER 3

RELATED WORK

The routing issue in multi-UAV applications and systems is a significant problem and worked
by many researchers, especially in the last decade. Different from nodes of MANETS and
VANETs, the unique characteristics of UAVs, such as high mobility, non-uniform distribution
over a 3D space, and mobility regime, make routing in FANET applications a complex issue
[50]]. In order to provide reliable communication between UAVs, many routing algorithms
are proposed to address the FANET application needs and UAV characteristics. Apart from
network architecture and routing protocols, mobility models and simulators/testbeds are also

studied widely.

In [51], UAVs are mainly categorized as Fixed-Wing UAVs and Rotary-Wing UAVs. The
similarities and differences between FW-UAVs and RW-UAVs, such as energy constraints,
speeds, and mobility, are discussed. Moreover, FANET communication architectures, such as
single-layer & single-group, single-layer & multi-group, multi-layer & multi-group, are inves-
tigated and offered to various FANET application areas. This discussion includes the commu-
nication technologies suitable for UAV-To-UAV communications and UAV-To-Infrastructure
communications such as IEEE 802.11n/b/g/a, IEEE 802.15.4, and IEEE 802.14.4, LTE ad-
vanced, LTE, CDMA, TDMA, GPRS, and GSM [52]]. Moreover, a FANET routing protocol
taxonomy is given with the following main categories: Topology-based routing, Geographic
routing, Hybrid of Topology-based and Geographic routing, Bio-inspired routing. In this tax-
onomy, variations of OLSR and AODV find themselves a place while AntHocNet is not given

under the Bio-inspired routing algorithms.
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Oubbati et al. provide an altitude point of view on UAV classification based on the altitude
of UAVs, which includes High Altitude UAVs, such as satellites and airships, Medium Alti-
tude UAVs such as aircraft, and Low Altitude UAVs such as drones and copters [50]. Due
to this wider perspective, the study in [50] thoroughly discusses UAV-To-UAV (U2U) com-
munications, UAV-To-GROUND (U2G) communications and UAV-To-SATELLITE (SAT-
COM) communications and compares them in terms of line of sight (LOS), cost, coverage
and exploitation. This study also provides a protocol taxonomy that includes Topology-based,
Secure-based, Swarm-based, Hierarchical-based, Energy-based, Heterogeneous-based, Position-
based, and DTN-based categories for routing algorithms. Although many routing algorithms,
including AODV and OLSR, are referenced within this taxonomy, AntHocNet is not listed

under the category of swarm-based routing protocols.

In [1]], UAV classification is presented according to both altitude and type. According to alti-
tude, UAVs are divided into two categories: High Altitude Platform (HAP) and Low Altitude
Platform (LAP). According to type, UAVs are categorized into Fixed-wing and Rotary-wing
UAVs. Moreover, this study mainly focuses on two use cases: Aerial Base Stations and
Cellular-Connected Users. For both of these cases, the key challenges, solutions, and open

problems are presented.

In [53]], it is claimed that the routing protocols proposed for MANET applications do not
fit well to FANET applications due to that FANET applications have different requirements
than MANET or VANET applications, such as mobility patterns and power constraints. It is
stated that OLSR is not a suitable protocol for FANET applications due to the high routing
overheads, and AODV is not suitable due to the higher end-to-end delays. However, several
studies evaluate the performance of AODV and OLSR routing algorithms in FANET Appli-
cations. In [31]], a performance comparison of AODV, DSDV, and OLSR routing protocols
for FANETS is given. The evaluation uses the NS-2 network simulator. Also, packet delivery
ratio, end-to-end delay, and throughput are the selected metrics. In this study, it is claimed
that OLSR performs better than AODV and DSDV protocols in FANETSs. A similar research
is conducted in [28]] to compare the performance of AODV, DSDV, DSR, OLSR, AOMDYV,
HWMP routing protocols for FANETSs using an NS-2 simulation environment. The perfor-

mance of OLSR and HWMP routing protocols are claimed to perform better than AODYV,
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DSDV, DSR, and AOMDV routing protocols concerning packet delivery ratio, end-to-end de-
lay, and throughput. Although these studies are done for FANET applications, both of them
conduct simulations in 2D environments. In [54], a similar study is conducted in a 3D en-
vironment. Maakar et al. compared OLSR and AODV routing protocols in a 3D FANET
environment using an NS-3 simulator [54]. The mobility model used in this study is the
Gauss-Markov mobility model, and it is claimed that OLSR performs better than AODV ac-
cording to the simulation results. In [S35], evaluation of AODV, OLSR, and DSDV routing
protocols for RW-UAVs is presented. The simulations are done in a 3D space using Gauss-
Markov, and Random Waypoint mobility models with node speeds, Sm/sec and 10m/sec. In
[56]], AODV and OLSR routing protocols are investigated in the NS-2 simulation environ-
ment. This research presents the packet delivery ratio provided by AODV and OLSR routing
protocols using node speed, transmission range, and the number of nodes as independent pa-
rameters. The simulations are conducted for a 2D area and node speeds in the range of 0 - 60

m/sec.

In [39] and [S7], swarm-based routing algorithms, namely AntHocNet and BeeAdHoc, are of-
fered for FANETS. It is claimed that AntHocNet and BeeAdHoc algorithms can be efficiently
used for FANET applications by providing the network performance comparison of AntHoc-
Net, BeeAdHoc, AODV, DSDV, and DSR routing protocols. The simulation is conducted
for a 2D area using the Random Waypoint mobility model with node velocities between 20
m/sec and 50 m/sec. The performance metrics used in this study are throughput, end-to-end
delay, and routing overhead. In [38]], AntHocNet is offered for FANETS also, and the net-
work performance of the AntHocNet routing algorithm is compared with AODV, DSR, and
DSDV routing algorithms in terms of throughput, end-to-end delay, and routing overhead.
The simulations are conducted within a 2D environment and with an RWP mobility model
with node velocities between 5 m/sec and 50 m/sec. Although AntHocNet routing algorithm
is studied and proposed by [39]], [57] and [38] for FANETsS, the mobility models used in these
researches, namely RWP, are not appropriate for FW-UAV Networks, and simulations are

conducted in 2D environments with relatively lower node speeds.

In literature, almost all of the routing algorithm performance evaluations are done by using

simulators. This is mainly because building the necessary topology with the required nodes,
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Figure 2: Simulators used in FANET routing protocols [50]

such as drones, aircraft, or copters, is costly; and it is hard to repeat the tested scenario [49].
Oubbeati et al. provide comparative research of 60 studies concerning FANET routing proto-
cols where only the %10 of the studies used testbeds as shown in Figure 2] [50]]. Simulators,
such as NS-2, NS-3, OPNET, OMNeT++, QualNet, and MATLAB, are preferred in most
studies. Since the simulators are used to evaluate the performance of the routing protocols,

the issue of modeling the mobility of nodes becomes crucial and demanded [51]].

Many studies point out that the simulation results change meaningfully according to which
mobility model is used. In one of the early studies concerning the issue of the routing algo-
rithm performance under different mobility models, it has been shown that the performances
of Ad-Hoc Wireless Network routing protocols, namely AODV, DSDV, and DSR, differ un-
der different mobility models, namely RWP, Column, Pursue and RPGM-RW [58]]. There is
a meaningful difference in the routing protocol performances for the selected QoS metrics,
such as packet delivery ratio and packet routing overhead. It is stated that some routing algo-
rithms perform better in some mobility models; for instance, DSR shows better performance
in Pursue and RWP mobility models while AODV shows better performance with Column
and RPGM-RW mobility models.

In [59]], the performances of AODV, OLSR, GRP, RGR, and flooding protocols are compared.
It is shown that the selected QoS metrics, namely control overhead, packet delivery ratio,
and average delay, differ significantly according to which of the RWP, EGM, ST, RD, or
GM mobility model is selected. It is concluded that the RWP mobility model is not suitable

for Unmanned Arial Ad-hoc Networks, in other words, FANETSs. At the same time, it is
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appropriate to use the EGM mobility model because the EGM mobility model provides more
realistic trajectories than the RWP mobility model. This study also states that OLSR and GRP

protocols are more responsive to the change of network topology than AODV.

In [42], AODV and AOMDV routing protocol performances are compared under different
mobility models, namely Manhattan Grid, RPGM, Column, RWP, Pursue, Nomadic. It is
shown that there is a meaningful difference in network performance metrics, namely packet
delivery ratio, throughput, and end-to-end delay, under these different mobility models. In
[60], performance evaluations of AODV, DSR, and OLSR routing protocols under different
mobility models, namely RPGM, GM, RWP, and Manhattan Grid, are presented. Simulations
have been conducted with NS-2.35 with node speeds 10, 50, 100, 200, 300, 400, 500 m/sec.
The compared metrics are packet delivery ratio, end-to-end delay, and routing overhead. Also,
in this research, a significant effect of the mobility model on network performance can be

spotted.

In [61], AODYV, DSDYV, and OLSR routing protocol performances are investigated with differ-
ent mobility models, namely RPGM, RWP, and Pursue. It is presented that all of the selected
routing protocols provide different packet delivery ratios under different mobility models. In
[62], OLSR and G-OLSR routing protocols are used in 3D FANET simulations in order to
investigate the performance differences of these routing protocols under different mobility

models, namely Gauss Markov and RWP.

Because the mobility model affects the simulation results significantly, selecting the appropri-
ate mobility model for the research becomes essential. In [47], it is stated that the widely used
RWP mobility model is not a suitable model for UAVs because sudden stops and sharp turns
reported in the RWP mobility model do not match the trajectories of UAVs. For this reason,
the authors propose Enhanced Gauss-Markov mobility model in 2D, which ensures that the
nodes move neither with sharp turns nor with sudden stops. It is stated that different from ST
and GM, EGM also provides smooth turns on the boundaries of the simulation area, which is
a better fit for FW-UAVs. In [63]], the 2D EGM mobility model proposed in [47]] is extended
to 3D. This study compares the 3D EGM mobility model with the GM mobility model with
AODV routing protocol by using NS3. In another study [64], OLSR, AODV, DSR, TORA,

31



and GRP routing protocols are compared in different mobility models, namely PRS, MGM,
RWPM, and SCRM.

In [49], the Paparazzi mobility model (PPRZM) for UAV ad hoc networks is proposed. In
this research, it is emphasized that in order to address the network problems adequately, the
use of realistic mobility models is necessary. It is shown that PPRZM provides trajectories
for nodes that are akin to the actual UAV trajectories. Moreover, since the node trajectories
provided by the PPRZM mobility model are geometrically more similar to real traces than the
trajectories provided by the RWP mobility model, the QoS metrics measured for the PPRZM

are more similar to the metrics measured by Real Traces than that of RWP.

In the light of these studies, it can be seen that the literature has a gap concerning the use of
bio-inspired routing algorithms in FW-UAV ad hoc networks. Even though there are some re-
searches, such as [38]], [39], [57], which study the AntHocNet routing algorithm for FANETsS,
these studies do not take the effect of using different mobility models into consideration and
conducted their simulations in a 2D environment. However, there are several studies, such as
(58], [59], [471, [49]], that point out the fact that the mobility model selection has a meaningful
impact on the measured network-related metrics. Moreover, most of the works that focus on
routing protocol in FANETS do not provide 3D simulation results. However, it is necessary to

consider the 3D nature of FANET applications while working in FANET routing algorithms.

Another point that should be mentioned is that the literature lacks studies dealing with the
effect of topology change on the lower threshold of the average number of neighbors required
for connectivity. In [7], the minimum threshold is presented for the average number of neigh-
bors in WSNs. However, in this study, nodes are stationary since the focus of the study is

WSNs.

When the abovementioned points are considered, this thesis fills these gaps by executing
simulations of various scenarios. In the preliminary simulations, the effect of the topology
change on the minimum value of the average number of neighbors to provide network-wide
connectivity is presented. Then, simulations are conducted to compare the performances of
the traditional routing algorithms, namely AODV and OLSR, and the bio-inspired routing
algorithm, namely AntHocNet. Since FANETs and FW-UAVs are the focal points of this
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research, simulations are executed in a 3D simulation space. Moreover, two mobility models,
EGM and PPRZM, are selected aside from RWP; because these mobility models are offered

for FW-UAVs and represent different categories of the mobility models.
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CHAPTER 4

METHODOLOGY

In this chapter, the methodology of this study is presented. This experimental research com-
pares the network performances of bio-inspired routing algorithms, specifically AntHocNet,
and traditional routing algorithms, namely OLSR and AODV in FANET applications consist-
ing of FW-UAVs. Selected metrics for comparing network performance are mean end-to-end
delay, mean end-to-end delay variation (a.k.a., jitter), packet loss ratio, mean hop count (i.e.,

the mean path length), and routing overhead.

4.1 Identification of Variables

The variables, i.e., parameters, used in this research can be divided into three main categories:

dependent variables, independent variables, and constants.

Dependent variables are the metrics intended to be measured to provide a comparison of
network performances. These variables are the performance indicator metrics of a routing
algorithm, namely end-to-end delay, end-to-end jitter, packet loss ratio, routing overhead, and

mean hop count.

Four independent variables should be mentioned. Three of these independent variables are
the mobility model, node speed, and transmission data rate, which affect the environment and
simulation scenario by changing the topology change rate and network load. Besides, the last

one is the routing algorithm which is one of the main focusing points of this research.
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Constants are the other necessary parameters that need to be defined in order to execute the
simulation scenarios. These variables are the simulation space, the simulation time, the prop-
agation delay model, the propagation loss model, the transport protocol, the transmission

range, the number of nodes, the data packet size, and the communication standard.

There is also a vital constant, average number of neighbors, which is a function of other con-

stants. The average number of neighbors is calculated for a 3D simulation space as follows:

AvgNumO f Neighbors = (NodeNum * (4/3 * Tk T$Rang63)) /SimSpace (1)

, where TxRange is the transmission range in meters, NodeNum is the number of nodes,
AvgNumOfNeighbors is the average number of neighbors, and SimSpace is the volume of

simulation space in cubic meters.

The number of nodes that can be reached by one hop gives the average number of neighbors.
In other words, the nodes that are within the transmission range are considered neighbor
nodes. In Equation (1} the ratio of the number of nodes over simulation space indicates the
node density. The multiplication of node density with the volume of a sphere with a radius
of TxRange gives us the average number of neighbors, i.e., the number of nodes that fall into

the volume of a sphere with a radius of transmission range.

4.2 Research Design

In this section, the components of the design of this research are provided. The given compo-
nents are the methodology of this research, simulation components, data collection process,

and simulation scenarios.

4.2.1 Research Methodology

In this experimental research, in order to answer the research questions raised in Section

[ NS-3 simulator [65]] is used. NS-3 is the newer version of the NS-2 simulator, which
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researchers widely use to execute network simulations. The main difference of NS-3 is that it
is entirely C++ based, and it can support Python scripts. Since NS-3 is provided with source

codes, it can be extended and used according to the simulation needs.

By using the NS-3 simulator, the network performances of different routing algorithms are
studied. Two groups of algorithms are used, namely the control group and the experimental
group. As for the control group, AODV and OLSR routing algorithms are selected, and the
implementations provided by the NS-3 simulator are used. In other words, a reactive and a
proactive routing protocol are selected for the control group. As for the experimental group,

AntHocNet, a bio-inspired routing algorithm, is implemented.

For both of these groups, 20 simulations are executed for each simulation detailed in Sec-
tion 4.2.4] These simulations use the dependent parameters of end-to-end delay, end-to-end
delay variation, packet loss ratio, and routing overhead. As independent parameters, node
speeds, data rate, and mobility models are used. The remaining parameters used in simula-

tions are given in Table[I]

In [[7], it is stated that to ensure network-wide connectivity in a randomly deployed wireless
network with stationary nodes, the average number of neighbors for each node should exceed
5.5. Consequently, if the number of neighbors is small, the network nodes may not be able to
reach each other due to a partitioned network. On the other hand, if the number of neighbors
is large (i.e., the network is dense), the network suffers from high routing overhead problem.
Consequently, in order to ensure that the operating region is neither in the no-connectivity
region nor the high routing overhead region, we set the average number of neighbors is set to
7.54 by deploying 50 nodes with transmission ranges of 600 meters in a 2000 m x 2000 m x

1500m simulation space.

In the following subsection, the results of the preliminary simulations are presented to clarify
why the value of 7.54 is appropriate as the average number of neighbors. In this verification,
the effect of the average number of neighbors on connectivity is provided by choosing the
average number of neighbors as an independent parameter and the packet loss ratio as a de-
pendent parameter. Also, the effect of node mobility on the minimum value of the average

number of neighbors required for connectivity is inspected.
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Table 1: Parameters Used in Simulations

Constant Simulation Parameters

Simulation Time 120s
Communication Standard IEEE 802.11¢g
Propagation Delay ConstantSpeedPropagationDelayModel
Propagation Loss RangePropagationLossModel
Simulation Space 2000m x 2000m x 1500m
Transmission Range 600m
Number Of Nodes 50
Average Number Of Neighbors 7.54
Transport Protocol UDP
Network Traffic Constant Bit Rate
Data Packet Size 256 bytes
Other Simulation Parameters
Simulator NS-3.26
Num of Runs 20
Paparazzi Mobility Model (PPRZM)
Mobility
Enhanced Gauss-Markov (EGM)
Models
Random Waypoint (RWP)
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4.2.1.1 Average Number of Neighbors Required to Ensure Connectivity

In order to verify the value chosen for the average number of neighbors, preliminary simula-

tions are conducted. In these simulations, two different scenarios are executed.

Preliminary Simulation 1 is executed for the stationary case. In other words, node speed is
selected as O m/s. In this scenario, the number of nodes is set to 30, and the transmission range
spans from 300 m to 750 m. As a result, the average number of neighbors spans from 0.57 to

8.84. For these metrics, the packet loss ratios for AODV, OLSR, and AntHocNet algorithms

are given in Figure[3]

PacketLossRatio vs Average Num of Neighbors
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Figure 3: Packet Loss Ratio vs Average Number Of Neighbors, Node Speed = 0 m/s

It should be noted that when the transmission range is above 650 m, the packet loss ratio is
below 0.1 for all three of the routing protocols. On the other hand, when the transmission
range is going to 300 m, the packet loss ratio goes up to 1. This region, the region where the

packet loss ratio is higher than 0.9, is called the no-connectivity region; because, as it is shown
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in [7]], the network is likely to be partitioned due to the insufficient number of neighbors. It
should be noted that when the transmission range is 650 m, the value of the average number of
neighbors becomes 5.75; and when the transmission range is 625 m, the value of the average
number of neighbors becomes 5.11. This situation can be observed from Figure [3] where
the packet loss ratio of AODV, OLSR, and AntHocNet algorithms is given according to the

average number of neighbors.

The results of the preliminary simulation 1 are compatible with the results provided in [7]]. In
other words, when the node speed is 0 m/s, and the value of the average number of neighbors
becomes lower than the threshold value stated in [7], i.e., 5.5. In this case, the network is
potentially partitioned, and consequently, the packet loss ratio increases dramatically. On the
other hand, when the average number of neighbors exceeds 5.5, a non-partitioned network

can be established.
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Figure 4: Packet Loss Ratio vs Average Number Of Neighbors, Node Speed = 5 m/s
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Preliminary Simulation 2 is executed for the case where the nodes are mobile. In this case,
simulations are executed with node speeds Sm/s with the RWP mobility model. Apart from
the mobility of nodes, other parameters are the same with preliminary scenario 1. The packet

loss ratio obtained for preliminary simulation two is presented in Figure

From the Figures[3]and 4] it can be observed that as node speed increases from 0 m/s to 5 m/s,
the routing protocols can establish paths through the network at lower transmission range
values, i.e., at the lower average number of neighbor values, at the extend of their abilities.
The values of the transmission range (TxR), the average number of neighbors (ANoN), and
the packet loss ratio (PLR) are provided for two points, namely P1 and P2, in Table [2] These
two points indicate the region where the PLR value becomes smaller than 0.1; in other words,

the network-wide connectivity is established at some point between P1 and P2.

Table 2: Node Speed vs Transmission Range Lower Threshold Data Points

Effect of Node Speed On the Average Number of Neighbors (ANoN)
Protocol Speed | TxRp; | ANoNp; | PLRp; | TxRpa | PLRp2 | ANoNpsy
AODV 0 625 5.11 0.229 650 5.75 0.00022
AODV 5 500 2.61 0.179 550 3.48 0.034
OLSR 0 625 5.11 0.23 650 5.75 0
OLSR 5 600 4.52 0.12 625 5.11 0.08
AntHocNet 0 625 5.11 0.101 650 5.75 0.0014
AntHocNet 5 500 2.61 0.11 550 3.48 0.049

It is clear from the figures and the table that as node speeds increase from Om/s to Sm/s, the
lower threshold value for the average number of neighbors decreases because of the decrease
in transmission range where the packet loss ratio drops below 0.1. These results clearly show
the effect of node speed on the required lower threshold of the average number of neighbors

for the non-partitioned network.

Simulations with different node speeds are conducted for the AntHocNet routing protocol to

clarify the effect of node speed further. In Figure [5 the packet loss ratio for the AntHoc-
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Net routing protocol is given according to the average number of neighbor values with four

different node speeds.

PacketLossRatio vs Average Num of Neighbors
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Figure 5: Packet Loss Ratio vs Average Number Of Neighbors, AntHocNet

As presented in Figure [5] an increase in node speed lowers the required average number of
neighbors for a non-partitioned network. As node speed increases, it is harder to reduce the
packet loss ratio to 0, even when the value of the average number of neighbors is higher than
5.5. Because as node speed increases, the network topology changes faster, and it gets more

challenging for the routing protocol to deliver packets to their destinations.

The preliminary simulation results show that the selected value for the average number of
neighbors, i.e., 7.54, provides a meaningful operating point for practical FW-FANET appli-

cations where nodes are mobile.
The raw data, obtained from these preliminary simulations, is provided in Appendix [Al
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4.2.2 Simulation Components

This study aims to deal with FANET applications consisting of FW-UAVs. Due to the na-
ture of FANETS, it is necessary to provide some simulation components unique to FANET
applications. For this reason, firstly, the necessary components to simulate FW-UAVs are
presented. Also, the data collection mechanism is explained. Then, the simulation scenarios
appropriate to FW-FANET applications are defined to answer the stated research questions.
After that, by using the simulation components and NS-3 simulator, defined scenarios are ex-
ecuted to collect data. Finally, the collected data is analyzed to be able to answer the research

questions.

In this section, the components of simulations are given in more detail. This section aims to

explain the simulation environment and provide the details of some of the components.

Simulations conducted in this research are composed of five main components: nodes, net-

work stack, node mobilities, routing algorithm, and network application.

4.2.2.1 Nodes

Nodes are the basic building blocks of an NS-3 simulation. They are the entities that run
the network stack, routing algorithm, and network application. In the NS-3 simulator, the
mobility models provide the next position for nodes, routing algorithms are executed by each
node, and network applications are installed to the nodes. In Figure [ a sample network is

depicted with the NS-3 visualizer tool where the nodes are shown as red discs.

4.2.2.2 Network Stack

NS-3 simulator tool provides various network stack modules to be used in simulations. For
the PHY layer of the network stack, IEEE 802.11g standard is used. For the MAC layer,
AdHocWiFiMac provided by NS3 is used. As for communication channel management, Yans
Wifi Channel, which is an implementation of Yet Another Network Simulator [66] widely

used in wireless network simulations, is used with RangePropagationLossModel and Con-
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Figure 6: A screenshot of NS-3 Visualizer

stantSpeedPropagationDelayModel as propagation delay and propagation loss models. In
Figure[7] the selected modules and properties for the network stack are shown as NS-3 code

blocks.

4.2.2.3 Node Mobilities

In NS-3, node mobilities are governed by mobility models. The installed mobility model
provides the next position for each node, and nodes move to these positions in their succes-
sive iterations. In this research, three mobility models are selected from different mobility
model categories. First of the selected mobility models is the EGM mobility model, which
is an extension of the Gauss-Markov(GM) mobility model [46]. The EGM mobility model
is a time-dependent mobility model that uses the previous mobility state information to avoid
sharp movements [47]. The second selected mobility model is the PPRZM mobility model,
which falls under the category of path-planned mobility models [12]. The last selected mo-

bility model is the RWP, one of the most used randomized mobility models [46]].
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WifiMacHelper wifiMac;

wifiMac.SetType ("ns3::AdhocWifiMac");

YansWifiPhyHelper wifiPhy = YansWifiPhyHelper::Default();

YansWifiChannelHelper wifiChannel;

wifiChannel.SetPropagationDelay ("ns3::ConstantSpeedPropagationDelayModel")
wifiChannel.AddPropagationLoss ("ns3::RangePropagationLossModel",

— "MaxRange", DoubleValue (p_config->transmissionRange)) ;

wifiPhy.SetChannel (wifiChannel.Create ());
WifiHelper wifi;
wifi.SetStandard (WIFI_PHY_ STANDARD_80211q);

wifi.SetRemoteStationManager ("ns3::ArfWifiManager");

devices = wifi.Install (wifiPhy, wifiMac, nodes);

Figure 7: Network Stack User Code

In NS-3, the RWP mobility model is available and can be used in 3D space. However, NS-3
does not provide implementations for EGM and PPRZM. Therefore, 3D implementations for

these mobility models are developed within the scope of this research.

EGM Mobility Model is implemented according to the [47]. Different from the GM mo-
bility model, the EGM mobility model implements a boundary avoidance algorithm. Thanks
to the boundary avoidance mechanism, nodes can avoid boundaries and smoothly turn back
into the designated space. To execute this mechanism, the EGM model defines not only outer
bounds but also inner bounds. When a node passes over inner boundaries, the boundary avoid-
ance algorithm changes the mean direction or mean pitch value which affects the direction or
pitch of the node according to the value of alpha. The generic formulation in calculating new
velocity, direction, and pitch is given in Equation 2] where rv is a random number drawn from

the Gaussian distribution with zero mean and unit variance.
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next_val = a * current_val + (1 — a) x mean_value + /(1 — a?) x rv (2)

As seen from the Equation [2} changing the mean value of direction or pitch affects the value
used in the next iteration according to the value of «, which is the memory constant of this
model. « can take values between O to 1. In [47]], it is taken as 0.86. In simulations conducted
for this research, the « value is taken as 0.85, as can be seen from the EGM User Code given

in Appendix B}

0 250 500 750 1000 1250 1500 1750

(a) EGM Trajectory-Perspective 1 (b) EGM Trajectory-Perspective 2

Figure 8: An Example of EGM Trajectories

Implemented EGM mobility model uses Equation 2] in order to calculate the next velocity,
direction, and pitch values. Velocity, direction, and pitch values are used to define a 3D
velocity vector, where the value of direction is between 0 and 27, the value of pitch is between
—m/2 and 7/2 and the value of velocity is a positive real number. However, since NS-3
uses velocity vectors on the cartesian XYZ frame, the coordinate frame is converted after
calculating the next velocity, direction, and pitch values. In Figure [9] the code block that is

used to calculate the next velocity vector is presented.

A sample trajectory generated by the EGM mobility model is given in Figure[] Figures [8a]

and [8b] provide the sample trajectory from different perspectives.

PPRZM Mobility Model is implemented according to [49]. PPRZM is a stochastic model

where nodes randomly select one of the pre-determined trajectory patterns shown in Figure
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double rv = m_normalVelocity->GetValue ();
double rd = m_normalDirection->GetValue ();

double rp = m_normalPitch->GetValue ();

//Calculate NEW velocity, direction, and pitch values using Gauss-Markov
double one_minus_alpha = 1 - m_alpha;

double sqgrt_alpha = std::sqgrt (1 - m_alpha*m_alpha);

m_Velocity = m_alpha * m_Velocity + one_minus_alpha * m_meanVelocity +
— sqgrt_alpha * rv;

m_Direction = m_alpha * m_Direction + one_minus_alpha * m_meanDirection
— + sqgrt_alpha x rd;

m_Pitch = m_alpha * m _Pitch + one_minus_alpha * m_meanPitch + sqrt_alpha

— * Irpy;

//Calculate linear velocity vector to use with constantVelocityHelper
double cosDir = std::cos (m_Direction);

double cosPit = std::cos (m_Pitch);

double sinDir = std::sin (m_Direction);

double sinPit = std::sin (m_Pitch);

double vx = m_Velocity * cosDir x cosPit;

double vy = m_Velocity x sinDir * cosPit;
double vz = m_Velocity * sinPit;

m_helper.SetVelocity (Vector (vx, vy, Vvz));

Figure 9: EGM Velocity Calculation

[[0af Each node starts with the Way-Point state in which the destination point is chosen
randomly. Then, the nodes probabilistically change their states according to the state diagram
shown in Figure[T0b] Note that a node can change its movement pattern only through moving

to another random point within the boundaries, i.e., only through passing Way-Point state.

In [49]], the probability of occurrence of each movement pattern is given as follows:

e Probabilities of Stay-At, Oval and Scan : %30

e Probabilities of Eight and Way-Point : %5
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Figure 10: PPRZM States

According to these probabilities, it can be claimed that the PPRZM mobility model causes
a lower topology change rate than the EGM mobility model. Because, when a node is in

Stay-At or Oval state, the displacement of the node decreases.

1750

1500 1400
1250 1200
1000 1000
750 800
500 600
250 400

Ly 200
THREP 20001750150012501000750 500 250

(a) PPRZM Trajectory-Perspective 1 (b) PPRZM Trajectory-Perspective 2

Figure 11: An Example of PPRZM Trajectories

A sample trajectory generated by the PPRZM mobility model is given in Figure [[1] The
sample trajectory is given from different perspectives in Figures [ITa] and [TTb] Also, NS-3
implementation of PPRZM is given in Appendix [B]
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RWP Mobility Model is one of the fundamental mobility models which is used widely
within the literature. Even though many studies do not recommend the RWP mobility model
for FANETS, this research uses the RWP mobility model to provide a common base with
other studies. NS-3 simulator provides a 3D implementation of the RWP mobility model,
which is used in this study. In Figure[I2] a sample trajectory of a node generated by the RWP
mobility model is given, and Figures[I2a] and [I2b]display the sample trajectory from different

perspectives.
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(a) RWP Trajectory-Angle 1 (b) RWP Trajectory-Angle 2

Figure 12: An Example of RWP Trajectories

4.2.2.4 Routing Algorithms

In NS-3 simulations, routing algorithms are part of the internet stack (Figure[I3)) which imple-
ments Layer 3 (L3) and Layer 4 (L4) of the network stack, i.e., Network Layer and Transport
Layer. The internet stack is installed on the nodes to use L3 and L4 in their network commu-

nications.

In this research, the selected routing algorithms used and compared in simulations are OLSR,

AODYV, and AntHocNet. In the following, these algorithms are briefly explained.

OLSR routing algorithm is a traditional proactive routing algorithm whose fundamental

mechanism is explained in Section [2.2.1] As stated, the NS-3 implementation of the OLSR
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InternetStackHelper stack;
//has effect on the next Install ()
stack.SetRoutingHelper (xpIpv4RoutingHelper);

stack.Install (nodes);

Ipv4AddressHelper address;

address.SetBase ("192.168.0.0", "255.255.0.0");

interfaces = address.Assign (devices);

Figure 13: Internet Stack User Code

routing algorithm is used with default parameters in our simulations. The implementation

details of the OLSR routing algorithm can be found in NS-3 documentation [[67]].

AODV  routing algorithm is a traditional reactive routing algorithm whose fundamental
mechanism is explained in Section 2.2.2] As for the AODV routing protocol, the imple-
mentation of the NS-3 simulator is used with default parameters. The implementation details

of the AODV routing algorithm can be found in NS-3 documentation [68]].

AntHocNet routing algorithm is a bio-inspired routing algorithm whose fundamental mech-
anism is explained in Section [2.2.3.2] In this research, the AntHocNet routing algorithm is
implemented for the NS-3 simulator using the implementation and explanation of Ducatelle
as a base [41]]. The details of Ducatelle’s implementation of AntHocNet routing algorithm for

Qualnet4.0 network simulator can be found in [41]] and [69].

4.2.2.5 Network Application

As for the application layer, in order to generate constant bit rate traffic, NS-3 OnOffApplica-
tion module is used. In simulations, one of the nodes is selected as the base node. The base
node is stationary and placed at the bottom of the center point of simulation space, at the XYZ

coordinates of (1000, 1000, 100). The base node is static and is configured as the sink and the
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destination of all CBR traffic. After the simulation starts, ten of the nodes other than the base

node are selected randomly to generate CBR traffic throughout the simulation time.

double SimTime = p_config->totalTime; //120.00;

double SinkStartTime = 1; //1.0001;

double SinkStopTime = SimTime - 1; //119.90001;

uintlé_t port = 9; //RFC 863, Discard Port

double app_duration_s = SimTime;

int num_of_cbr_traffic_changes = floor (SimTime/app_duration_s); // 1
Ptr<UniformRandomVariable>

— rand_start_time=CreateObject<UniformRandomVariable>();
rand_start_time->SetAttribute ("Min", DoubleValue (0));

rand_start_time->SetAttribute ("Max", DoubleValue (5));

for(int i = 0; 1 < num_of_cbr_traffic_changes; i++) {

double AppStartTime = SinkStartTime + (i =

— app_duration_s);

double AppStopTime = AppStartTime + app_duration_s;

for(uintl6_t src_node = 0; src_node < 10; src_node++) {

Ptr<Node> dst_node = nodes.Get (BASE_NODE_IND) ;

Ptr<Ipv4> ipv4 = dst_node->GetObject<Ipv4> ();
Ipv4InterfaceAddress ipv4_int_addr = ipv4->GetAddress (1, 0);
Ipv4Address ip_addr = ipv4_int_addr.GetLocal ();
OnOffHelper onoff ("ns3::UdpSocketFactory", InetSocketAddress
[ (ip_addr, port));
onoff.SetConstantRate (DataRate (p_config->dataRate),

— p_config->pktSize);

ApplicationContainer apps = onoff.Install (nodes.Get
[ (src_node)) ;
double random_time = rand_start_time->GetValue ();

apps.Start (Seconds (AppStartTime + random_time));

apps.Stop (Seconds (AppStopTime));

Figure 14: Network Application Layer NS-3 Code Block
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The application layer logic is implemented as shown in Figure[I4]in order to generate network
load properly. Note that the application in each node randomly starts sending packets within

the first 5 seconds of the application duration period.

In the NS-3 simulator, all of the mentioned simulation components should be created and

installed before the simulator is started, as shown in Figure

SeedManager: :SetSeed (p_config->seed);

SeedManager: :SetRun (p_config->runNumber) ;

CreateNodes (); //Creates Nodes

CreateDevices (); //Create Network Stack

AllocateNodes(); //Create and Set Mobility Model
InstallInternetStack (); //Create and install Routing Algortihm

InstallApplications (); //Create and install Network Application

std::cout << "Starting simulation for " << p_config->totalTime << " s

- ...\n";

std::cout << "Starting simulation with DataRate : " << p_config->dataRate
— << " bps ...\n";

std::cout << "Starting simulation with " << p_config->numOfNodes << "

< nodes ...\n";

std::cout << "Starting simulation with NodeSpeed : " <<

— p_config->nodeSpeed << " m/s ...\n";

std::cout << "Starting simulation with Routing Type : " <<
— p_config->routingType << " ...\n";

std::cout << "Starting simulation with Mobility Type : " <<
— p_config->mobilityType << " ...\n";

Figure 15: Simulation Components Creation

4.2.3 Data Collection

Data collection from NS-3 simulations is mainly built upon FlowMonitor [[10]. FlowMonitor
is a network monitoring framework for NS-3 that detects the communication flows within the

network and stores data concerning well-defined metrics.
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The metrics that the FlowMonitor provides are as follows [[70]:

timeFirstTxPacket : The time when the first packet of the flow transmitted.

o timeLastTxPacket : The time when the last packet of the flow transmitted.

o timeFirstRxPacket : The time when the first packet of the flow received.

o timeLastRxPacket : The time when the last packet of the flow received.

o delaySum : Sum of all end-to-end delays for all received packets.

e jitterSum : Sum of all end-to-end jitters for all received packets.

o txBytes : Total number of transmitted bytes.

o txPackets : Total number of transmitted packets.

o rxBytes : Total number of received bytes.

e rxPackets : Total number of received packets.

o JostPackets : Total number of packets that are assumed to be lost.

o timesForwarded : For all received packets, sum of the number of hops made.

o delayHistogram : Histogram for packet delays

JjitterHistogram : Histogram for packet jitters

e packetSizeHistogram : Histogram for packet sizes.

By using the metrics provided by FlowMonitor, the data necessary to answer our research
questions are obtained. In this experimental research, all the dependent variables are calcu-
lated for each run separately. Then, the mean values of the selected dependent variables are
calculated for all the runs. As mentioned in Section dependent variables are end-to-end

delay, end-to-end jitter, packet loss ratio, routing overhead, and mean hop count.

In this research;
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e End-to-End Delay is calculated using delaySum, which contains the sum of all end-to-
end delay values for all received packets for each flow, and rxPackets, which contains

the total number of received packets for each flow.

e End-to-End Delay variation is calculated using jitterSum, which contains the sum of
all end-to-end jitter values for all received packets for each flow, and rxPackets, which
contains the total number of received packets for each flow. The jitter is defined by

FlowMonitor in accordance with Type-P-One-way-ipdv-jitter defined in RFC3393 [71]].

e Packet Loss Ratio is calculated using lostPackets, which contains the total number of
packets that are transmitted but not received or forwarded, and rxPackets, which con-

tains the total number of received packets for each flow.

e Routing Overhead is obtained by counting the routing packets received successfully by

nodes.

e Mean Hop Count is calculated using timesForwarded, which contains how many times
a packet is forwarded for all received packets in each flow, and rxPackets, which con-

tains the total number of received packets for each flow.

Although flow monitor provides a solid framework for data collection, some issues should
be pointed out. First, the flow monitor marks packets as lost packets if a transmitted packet
is not received for 10 seconds by default. Therefore, the packets transmitted within the last
10 seconds of simulation may be marked as lost packets and hence disturb the statistics. In
order to overcome this issue, NS-3 simulation time is increased by 10 seconds even if the

applications are not running for the last 10 seconds, as shown in Figure[I6] lines 16-20.

Another point that should be mentioned is that no data is collected in the first 30 seconds of the
simulations in this research. This is because, in the first 30 seconds, it is assumed that routing
protocols might not converge and are in the process of learning the network topology. In this
research, it is not intended to observe the transient behavior of routing protocols. Therefore,
in the first 30 seconds of the simulations, network traffic data is not collected and processed.

This can be seen in Figure|16] lines 1 and 9.
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Time data_col_start_time = Seconds (30.0);

Ptr<FlowMonitor> flowmon; FlowMonitorHelper flowmonHelper;

flowmon = flowmonHelper.InstallAll();

flowmon—->SetAttribute ("DelayBinWidth", DoubleValue (0.001));
flowmon->SetAttribute ("JitterBinWidth", DoubleValue(0.001));
flowmon->SetAttribute ("PacketSizeBinWidth", DoubleValue(l));
flowmon->SetAttribute ("StartTime", TimeValue (data_col_start_time));

flowmon->CheckForLostPackets () ;

/*Tracingx/

olsrDataCollectionStartEvent = Simulator::Schedule (data_col_start_time,
— &RoutingSimulatorBase::StartOlsrDataCollection, this);
Config::Connect ("/NodeList/*/$ns3::0lsr::RoutingProtocol/Rx",

— MakeCallback (&0OlsrRxCallBack));

Config::Connect ("/NodeList/*/$ns3::0lsr::RoutingProtocol/Tx",

— MakeCallback (&0OlsrTxCallBack));

//Stop the Simulation after before actual application End time
Simulator::Stop (Seconds (p_config->totalTime + 15));

Simulator::Run ();

Ptr<FlowMonitorStatsReader> flowReader= new FlowMonitorStatsReader () ;
flowReader—->ReadFlowMonitorStats (flowmon, p_config->pktSize,

— &olsr_msg_info, p_config->runNumber) ;

stringstream ss; ss << "flow_reader_stats_" << p_config->runNumber;
flowReader—>SaveStats (ss.str());

stringstream ssl; ssl << "output-data/flow_" << p_config->runNumber <<
— ".xml";

flowmon->SerializeToXmlFile(ssl.str (), true, true);

Simulator: :Destroy ();

Figure 16: Data Collection and Simulator Execution
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Lastly, it should also be mentioned that the flow monitor is unable to trace NS-3 OLSR im-
plementation. In order to overcome this issue, the NS-3 tracing mechanism is used together
with the flow monitor as shown in Figure [I6] lines 10-14. By using NS-3 tracing callbacks,
the number of RX packets and RX bytes and the number of TX packets and TX bytes for the
OLSR routing algorithm are obtained as shown in Figure[17]

typedef struct{
uint32_t rx_packet_count;
uint32_t tx_packet_count;
uint32_t rx_byte_count;
uint32_t tx_byte_count;
}S_OLSR_MSGS_INFO;

static S_OLSR_MSGS_INFO olsr_msg_info;

static void OlsrRxCallBack (std::string context, const PacketHeader &
— header, const Messagelist & messages) {
if(!is_olsr_datacol_enabled) {
return;
}
olsr_msg_info.rx_packet_count += messages.size();
olsr_msg_info.rx_byte_count += header.GetPacketLength();
}
static void OlsrTxCallBack (std::string context, const PacketHeader &
— header, const Messagelist & messages) {
if(!is_olsr_datacol_enabled) {
return;
}
olsr_msg_info.tx_packet_count += messages.size();

olsr_msg_info.tx_byte_count += header.GetPacketLength();

Figure 17: OLSR Trace Callbacks

In order to collect the raw data and write to .txt files, FlowMonitorStatsReader is implemented
and used as shown in Figure[16] lines 22-25. In this module, several metrics are calculated for
each flow generated by each OnOffApplication according to the formulas given in [70]. The

only difference is that flows are weighted according to the number of transmitted packets in
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the flows, and the weighted average of the calculated metrics is saved to files by FlowMoni-

torStatsReader as shown in Appendix [C|

4.2.4 Simulation Scenarios

In order to obtain relevant data to find an answer to the research questions, appropriate simu-

lation scenarios are designed. In this section, these scenarios are stated in detail.

The main distinctive characteristics of FW-UAV Networks are the higher node speed and
the movement pattern of nodes. In [12]], the typical node speed of an FW-UAYV is given as
100 km/h (27.7 m/s). In [72]], average flight speed of Skywalker FW-UAV is given as 15
m/s. In [15]], it is stated that UAVs can have a speed of 30 to 460 km/h (8.3 to 127.7 m/s).
By taking these into account, the node speed is selected to range from 5 m/s to 120 m/s.
Also, mobility models are selected to fit FW-UAVs such as EGM and PPRZM. Moreover,
in all of the scenarios presented in this section, mean end-to-end delay, mean end-to-end
delay variation, mean hop count, routing overhead, and packet loss ratio metrics are used as
dependent variables to answer the research questions. Also, each scenario is executed with
different routing algorithms, namely AODV, OLSR, and AntHocNet, in order to be able to

compare these routing algorithms with the selected metrics.

4.2.4.1 Scenario-I Effect of Topology Change Rate

This scenario focuses on the performance of compared routing algorithms in highly dynamic
network topologies, one of FW-UAV Networks’ main characteristics. Hence, in this sce-
nario, the routing algorithm, the mobility model, and the node speed are used as independent
variables to observe the dependent variables in a scenario fitting to FW-UAV Network. More
specifically, for each combination of routing algorithm and mobility model, node speeds rang-
ing from 5 to 120 m/s are covered. The Independent and dependent parameters used in this

scenario are listed in Table[3]

Specifically, with Scenario-I, It is possible to observe the effect of node speed and mobility

model on the performances of the compared routing algorithms. Since the node speed and the
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Table 3: Parameters Used in Scenario-I

Scenario-I Parameters

Independent Parameters

Node Speed {5, 10, 20, 30, 50, 70, 90, 120}
Mobility Models {EGM, PPRZM, RWP}
Routing Algorithms {AODV, OLSR, AntHocNet}
Constants
Node Number 50

Simulation Space

{2000, 2000, 1500} m

Transmission Range

600 m

CBR Data Rate

8192 bps

Dependent Parameters

End-to-end Delay

delaySum/total_rxz_packets

End-to-end Jitter

jitter Sum/total_rx_packets

Mean Hop Count

1 + total_forwarded_packets/total_rxz_data_packets

Packet Loss Ratio

total_lost_packets/(total_rx_packets + total_lost_packets)

Routing Overhead

total_rx_packets — total_rx_data_packets
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mobility model determine the topology change rate, data to answer the first research question

can be collected from Scenario-1.

4.2.4.2 Scenario-II Effect of the Network Load

In this scenario, the data rate of CBR traffic is used as an independent parameter together with
node speed and routing algorithm to collect data for observing the effect of network load on

the dependent variables. The independent and dependent parameters are listed in Table [4]

Table 4: Parameters Used in Scenario-II

Scenario-II Parameters

Independent Parameters

Node Speed {5, 10, 20, 30, 50, 70, 90, 120}
CBR Data Rate {4096, 16384, 65536} bps
Routing Algorithms {AODV, OLSR, AntHocNet}

Constants
Node Number 50
Simulation Space {2000, 2000, 1500} m
Transmission Range 600 m
Mobility Model {EGM, PPRZM, RWP}

Dependent Parameters

End-to-end Delay delaySum/total_rxz_packets
End-to-end Jitter jitterSum/total_rxz_packets
Mean Hop Count 1 + total_forwarded_packets/total_rx_data_packets

Packet Loss Ratio | total_lost_packets/(total_rx_packets + total_lost_packets)

Routing Overhead total_rx_packets — total_rx_data_packets

Specifically, with Scenario-II, it is possible to observe the effect of the changing network

load on the performances of the compared routing algorithms. Network load is adjusted by
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changing the packet emission intervals. By executing this scenario, necessary data to answer

the second research question can be obtained.

60



CHAPTER 5

EXPERIMENTAL RESULTS

In this chapter, simulation results are presented and discussed for scenarios explained in Sec-

tion 42,4

5.1 Results for Scenario-I Effect of Topology Change Rate

This section presents the experimental results for Scenario-I, where the node speed, routing
algorithm, and mobility model change as independent parameters, and the results are ana-
lyzed. All of the simulations conducted for Scenario-I use the same application and MAC
layers. Hence, the simulation results provide the routing algorithm performances in different

mobility models and node speeds.

5.1.1 Experimental Results and Analysis

Each result obtained by conducting the simulations for Scenario-I is presented and analyzed

in the respective sections.

5.1.1.1 Packet Loss Rate vs. Node Speed

Packet Loss Ratio, or Packet Loss Rate, is an essential indication of routing algorithm per-
formance and a Quality of Service metric. For Scenario-I, the packet loss rates of compared

routing algorithms according to the node speed are presented in Figure
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Figure 18: Scenario-I Results: Packet Loss Rate vs. Node Speed

The results in Figure[T8]show that the traditional proactive routing algorithm, namely OLSR,
cannot cope with the increasing topology change rate. As the topology change rate increases
with node speeds, the packet loss ratio for OLSR increases dramatically. This fact stems from
the fact that OLSR is a proactive routing protocol. Since the OLSR needs periodic routing
messages to notice a change in topology, it gets harder to notice the topology change as the
topology change rate increases with increasing node speed. Although it is possible to reduce
the period of the OLSR routing messages to notice a change in network topology earlier,
this would significantly increase the routing overhead. On the other hand, in AODV and
AntHocNet, the increase in packet loss ratio as node speed increases is not as dramatic as that
of OLSR. In other words, AODV and AntHocNet are better at detecting a change in network

topology than OLSR.

The results of AODV and AntHocNet indicate that the AntHocNet routing algorithm performs
slightly better than AODV in the packet loss ratio for PPRZM and RWP mobility models. For
the EGM mobility model, only for very high node speeds, i.e., 120 m/s, AODV seems to

perform slightly better than AntHocNet in packet loss ratio.
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Another point that should be mentioned is that in the EGM mobility model, as the node speed
increases, the packet loss ratio for OLSR routing protocol gets closer to 1, indicating that

almost all transmitted packets are lost, i.e., no connectivity.

5.1.1.2 Mean Hop Count vs. Node Speed

Mean hop count is an important performance indicator for a routing algorithm. In Scenario-I,

mean hop count results are obtained, as shown in Figure[I9]

Mean Hop Count vs Node Speed
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Figure 19: Scenario-I Results: Mean Hop Count vs. Node Speed

If the hop count results are considered together with the packet loss ratio results, it can be
seen that the AntHocNet routing algorithm can maintain longer routing paths than AODV
and OLSR; because it is observed that even though the packet loss rate for AntHocNet is
lower than AODV and OLSR, mean hop count is higher. On the other hand, the OLSR
routing algorithm cannot maintain longer paths as node speed increases; because it can be
seen that mean hop count decreases and packet loss rate increases as node speed increases.
This behavior indicates that, as node speed increases, the OLSR routing algorithm cannot
maintain multi-hop routing, and only one-hop or two-hop routing paths are successfully used

in packet delivery. Because as the routing path length, i.e., number of hops, increases, the
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possibility of being affected by the change of topology increases. Furthermore, OLSR is

affected by this situation more than AODV and AntHocNet because of its proactive nature.

5.1.1.3 End-to-End Delay vs. Node Speed

The measured end-to-end delays for simulations conducted for Scenario-I are presented in
Figure[20] These results show that, in terms of mean end-to-end delay, the AntHocNet routing
algorithm performs better than AODV and OLSR routing algorithms as the speed of nodes

increases independent of which mobility model is used.
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Figure 20: Scenario-I Results: Mean End-to-end Delay vs. Node Speed

First of all, it should be noted that end-to-end delay values increase as the node speed increases
for all selected routing algorithms with all the selected mobility models, except the OLSR
with the EGM mobility model. The main reason behind this situation stems from the route
maintenance process. As the topology change rate increases, the number of link failures
increases. Consequently, the need to execute the route maintenance process also increases.
Hence, the time spent in the route maintenance process increases, which causes the end-to-end

delay measurements to increase.

64



In simulation results, the mean delay value for the OLSR routing algorithm in the EGM mo-
bility model seems to be lower than AntHocNet; however, this does not indicate that OLSR
provides lower end-to-end delay measurements than that of AntHocNet. Packet loss rate ap-
proaches to one as node speed increases for OLSR routing protocol with EGM mobility model
as shown in Figure [T§] Furthermore, as it is shown in Figure [I9] the mean hop count of the
OLSR routing protocol in the EGM mobility model decreases significantly as the speed of
nodes increases. These two results indicate that as node speed increases, OLSR routing pro-
tocol cannot maintain multi-hop connectivity between nodes, and multi-hop communication
degrades. In other words, most of the packets forwarded through multi-hop paths are lost and
are not counted for the mean end-to-end delay, which decreases the mean end-to-end delay
value for the OLSR routing protocol. Therefore, it can be said that, apart from this anomaly,
AntHocNet provides lower end-to-end delay measurements than AODV and OLSR routing

protocols regardless of which mobility model is used.

The main reason AntHocNet can provide lower end-to-end delay measurements is its ability
to cope with the change of network topology. Even though AntHocNet executes its route
setup process reactively, it also runs a proactive route maintenance process. In other words,
different from AODV, AntHocNet aims to find alternate routes before detecting link failures.
Thanks to this proactive approach, as the topology change rate increases, the gap between the
delay values of AODV and AntHocNet grows; because, in case of broken links, AntHocNet

can provide alternate routes more quickly than AODV.

5.1.1.4 End-to-End Delay Variation (Jitter) vs. Node Speed

Figure shows that end-to-end delay variation changes are similar to end-to-end delay

changes as the node speed increases.

For the OLSR routing algorithm in the EGM mobility model, an anomaly described in Section
[5.1.1.3]is also be observed for jitter. As stated, for this sub-scenario (OLSR routing protocol
and EGM mobility model in increasing node speed), most packets do not reach their desti-

nations and are not considered for delay variation. Apart from this anomaly, it can be seen
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Figure 21: Scenario-I Results: Jitter vs. Node Speed

that the AntHocNet routing algorithm provides better jitter levels than traditional AODV and

OLSR routing algorithms.

5.1.1.5 Routing Overhead vs. Node Speed

As stated in Section F.2.3] routing overhead is measured in terms of the number of routing
packets received by nodes. As a proactive routing protocol that periodically sends routing
packets to the network, the OLSR routing algorithm naturally has the highest routing overhead

regardless of the mobility model, as shown in Figure 22]

According to simulation results conducted for Scenario-I, it can be said that AntHocNet rout-
ing protocol provides above mentioned QoS metrics, i.e., end-to-end delay, end-to-end jitter,
and packet loss ratio, with a lower number of routing packets than traditional AODV and
OLSR routing protocols. Moreover, two points require a further explanation in routing over-

head results given in Figure 22}

e Firstly, it is intriguing that as node speed increases, the routing overhead of the OLSR

routing protocol decreases. In normal circumstances, independent of the node speed,
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Routing Overhead by Packets vs Node Speed
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Figure 22: Scenario-I Results: Routing Overhead vs. Node Speed

mobility type, or CBR traffic data rate, OLSR would try to scan the whole network peri-
odically to learn the network topology via hello messages and then disseminate this in-
formation to the whole network via TC messages. However, it can be seen from packet
loss ratio results that it is hard to achieve this in highly dynamic network topologies for
a link-state routing protocol. As topology change rate increases, network packets-either
routing or data packets- are lost more and more, and the network becomes partitioned
due to missing routing packets. When a routing packet, i.e., TC message, is lost, it can-
not trigger subsequent routing packet broadcasting starting from the destination node of
the lost routing packet. Because the loss of a routing packet leads to ceased subsequent
broadcasts and reduction in the routing overhead. That is, the total received routing
packet count decreases when the packet loss rate increases due to the increase in topol-
ogy change rate. In other words, as node speed increases, more routing packets are lost,
and they obstruct routing packet broadcasting at their destination nodes, decreasing the

routing overhead but causing routing problems.

e Secondly, as a hybrid routing protocol, it is interesting that AntHocNet, which has
proactive components (PFWA and PBA), has a lower routing overhead than AODV at

high node speeds. As shown in Table [5] at lower node speeds, AntHocNet routing
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overhead is higher than AODV routing overhead, which is expected because of the
periodic proactive ant packet transmission. However, as node speed increases, topology
change rate increases, resulting in a sharper increase in Routing Overhead for AODV
algorithm than that of AntHocNet and causes AODV to have higher routing overhead

than AntHocNet in higher node speeds.

AODV protocol is triggered when a data packet is required to be sent. When triggered,
AODV searches a route by using RREQ and RREP packets. If no valid route is ready
to use for the data packet, then RREQ packets are flooded (or broadcasted) towards the
destination node. However, as the topology change rate increases, RERR packets in-
crease due to broken links, triggering new RREQ floods towards the destination node.
Because of this mechanism, as the node speed increases, the topology change rate in-
creases, resulting in more and more broken links, and this causes the routing overhead

of the AODV protocol to increase significantly.

Similar to the AODV protocol, the AntHocNet protocol is also triggered when a data
packet needs to be sent. The AntHocNet route setup process is very similar to the
AODV route setup process. The main difference between them is their route mainte-
nance process, which starts after the route setup process is completed. While AODV
has a simplistic route maintenance process that cleans old route information and detects
broken links, AntHocNet has a more sophisticated mechanism. In AntHocNet, proac-
tive ants are used to update route information periodically. For the AntHocNet protocol,
both in the route setup process and the route maintenance process, some of the ants are
sent in a stochastic way which increases the protocol’s flexibility, especially in dynamic
network topologies. These properties of AntHocNet provides it to maintain available

route information longer with the overhead of proactive ant packets.

The results show that for less dynamic network topologies, AODV protocol provides
lower routing overhead since AntHocNet protocol needs to send proactive ants periodi-
cally, which increases routing overhead; however, as the topology change rate increases,
the routing overhead of the AODV routing algorithm increases more than routing over-
head of AntHocNet routing algorithm. This phenomenon shows that the AntHocNet
route maintenance process can cope with increasing topology change rates better than

the AODV route maintenance process. Because as the topology change rate increases,
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Table 5: Scenario-I Results: AODV and AntHocNet Routing Overhead

AODV and AntHocNet Routing Overhead Results

Mobility | N.Speed | Routing Overhead (AODV) | Routing Overhead (AntHocNet)
EGM 5 1500 4269
EGM 10 2436 4619
EGM 20 4965 5278
EGM 30 6441 6148
EGM 50 8925 6742
EGM 70 11706 6744
EGM 90 12348 6505
EGM 120 13140 4985

PPRZM 5 3789 4246

PPRZM 10 7945 4792

PPRZM 20 5332 5073

PPRZM 30 6879 5613

PPRZM 50 8185 6120

PPRZM 70 9294 6225

PPRZM 90 9573 6856

PPRZM 120 10647 7239
RWP 5 3731 4280
RWP 10 7752 4389
RWP 20 7033 4851
RWP 30 10483 5296
RWP 50 13576 5890
RWP 70 15157 6718
RWP 90 17121 6601
RWP 120 17699 6597
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the AODV protocol has a higher need to re-run the route setup process, which includes

flooding RREQ packets, while AntHocNet protocol can maintain its routes.

5.2 Results for Scenario-II Effect of the Network Load

In this section, the experimental results for Scenario-II, where the data rate of CBR traffic,
node speed, and the routing algorithm are changing as independent parameters, are presented,
and results are analyzed. In this scenario, as the data rate increases, the communication load
of the network increases. This scenario makes it possible to measure how well the routing
algorithms behave under various network loads. In this scenario, the data rate of CBR traffic
is selected as either 4096 bps, 16384 bps, or 65536 bps. The simulations are conducted
separately for the EGM, PPRZM, and RWP, respectively.

5.2.1 Experimental Results and Analysis

The simulation results for Enhanced Gauss-Markov Mobility Model are given in Figures 23]
[26] 291 33] and[36] The simulation results for Paparazzi Mobility Model are given in Figures
and Lastly, the simulation results for RWP Mobility Model are given
in Figures 25] 28] [31] [35] and [38] Each of these results is presented and analyzed in the

respective sections.

5.2.1.1 Packet Loss Rate vs. Node Speed

The packet loss rates of compared routing algorithms are given according to node speed and

data rate in Figures 23] 24] and 25]

First of all, it should be noted that as the CBR data rate increases from 4096 bps to 65536
bps, the packet loss rate increases for the compared routing algorithms, regardless of the node

speed and mobility model. This increase in packet loss rate is more prominent for AODV

and AntHocNet than for OLSR, as shown in Figures[23]| 24] and[25] The network congestion,
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Figure 23: Scenario-1I Results: Packet Loss Rate vs. Node Speed (EGM)
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Figure 24: Scenario-1I Results: Packet Loss Rate vs. Node Speed (PPRZM)

caused by the data rate increase, seems to be the main reason for the packet loss rate to

increase as the data rate increases.

71



PacketLossRatio vs Node Speed

0.8 1
£ 0.6
@
in —— AODV_4096
4 e "' OLSR_4096
- L
L2044 m——— T = —— AntHocNet 4096
o —— -
= ra - === ADDV_16384
' OLSR_16384
02 === AntHocNet_16384
' —-= AODV_63536
OLSR_65536
— = AntHocNet 65536
0.0

0 20 40 60 80 100 120
Node Speed (m/s)

Figure 25: Scenario-1I Results: Packet Loss Rate vs. Node Speed (RWP)

Secondly, similar to the results presented in Section[5.1.1.1] as the node speed increases, the
packet loss rates of all routing algorithms increase. However, in the OLSR routing algorithm,
this increase in packet loss rate is much more dramatic than AODV or AntHocNet routing
algorithms. Because as the node speed increases, the possibility of the link failure on the
longer paths increases, and it gets much more challenging for OLSR to maintain its routes

than AODV and AntHocNet.

In the simulations conducted with the EGM mobility model, the packet loss rate for the OLSR
routing algorithm goes towards 1, i.e., no-connectivity region, for all of the selected data
rate values. In other words, almost all transmitted packets are lost with the OLSR routing
algorithm. However, in simulations conducted with PPRZM and RWP, the packet loss rate

for the OLSR routing algorithm increases around 0.8 to 0.85.

Lastly, the AntHocNet routing algorithm can provide a lower packet loss ratio than the AODV
and OLSR routing algorithms regardless of the data rate and the mobility model the simula-
tions use. The exception of this observation occurs when the EGM mobility model is used
with a 4096 bps data rate. In the exception case, the AODV routing algorithm provides better

packet loss ratios at some very high node speeds than the AntHocNet routing algorithm.
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5.2.1.2 Mean Hop Count vs. Node Speed

For Scenario-1II simulations, the mean hop counts of compared routing algorithms according

to node speed and data rate are given in Figures[26] 27} and

Mean Hop Count vs Node Speed
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Figure 26: Scenario-II Results: Mean Hop Count vs Node Speed (EGM)
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Figure 27: Scenario-1I Results: Mean Hop Count vs Node Speed (PPRZM)
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Figure 28: Scenario-1I Results: Mean Hop Count vs Node Speed (RWP)

First of all, the results indicate that the data rate does not directly relate to the mean hop
counts; however, it is evident that the change in data rate affects the mean hop count. For
AODV, it can be said that an increase in the data rate generally decreases the mean hop count.
Because the network congestion caused by increasing data rate also affects the routing mes-
sages and it gets harder for AODV to maintain longer paths. Even though this can be claimed

for AODYV, it does not seem to be the case for AntHocNet and OLSR.

Similar to the situation described in Section [5.1.1.2] the mean hop count provided by the
OLSR routing algorithm decreases as the node speed increases, regardless of the data rate or
the mobility model. However, it should be noted that this decrease in the mean hop count
does not indicate that OLSR is better at finding shorter routing paths. On the contrary, this
decrease stems from OLSR’s inability to find longer paths at high node speeds. Because, as
the node speed increases, longer routing paths are becoming more inclined to be broken. In
conclusion, the results presented in Figures[26] [27] and [28]indicate that OLSR cannot provide

longer routes as the node speed increases regardless of the data rate.

Another point that should be emphasized is that, in all of the simulations, regardless of the

data rate and mobility model, the AntHocNet routing algorithm has higher mean hop counts.
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When this situation is considered with the mean end-to-end delay results and packet loss rate
results, it can be said that AntHocNet provides a more comprehensive multi-hop network; in
other words, AntHocNet can find longer paths with higher hop counts than AODV and OLSR.
Because, thanks to the ability to find paths with higher hop count, the packet loss rate of the

AntHocNet routing algorithm decreases.

5.2.1.3 End-to-end Delay vs. Node Speed

For Scenario-II simulations, mean end-to-end delay values of compared routing algorithms
according to node speed and data rate are given in Figure 29] Figure [30} and Figure 31} The
results show that the measured end-to-end delay values for AODV, OLSR, and AntHocNet

protocols with indicated data rates range from O to 80 ms.
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Figure 29: Scenario-1I Results: End-to-End Delay vs Node Speed (EGM)

In general, it is expected that as the data rate increases, the measured delay values increase be-
cause of the network congestion. Furthermore, it is expected that as the node speed increases,
the measured delay values increase due to the increased route maintenance delays. However,
when the results are analyzed, it can be seen that these anticipations are not the case. Firstly,

it is impossible to observe that the delay measurements increase as the data rate increases.
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Figure 30: Scenario-II Results: End-to-End Delay vs Node Speed (PPRZM)
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Figure 31: Scenario-1I Results: End-to-End Delay vs Node Speed (RWP)

At different topology change rates, different cases with different data rates are providing the
highest delay values. Secondly, not all of the delay measurements increase as the node speed

increases.
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Concerning the anticipation regarding the relationship between data rate and end-to-end delay,
it can be said that the effect of data rate is more complicated than anticipated. An increas-
ing data rate has contrasting effects on end-to-end delay measurements. On the one side, the
increase in data rate also increases the network congestion and consequently end-to-end de-
lays. On the other hand, an increased data rate also increases packet loss in longer paths and
decreases end-to-end delays. Because of this situation, it is hard to see the direct relationship

between data rate and mean delay values.

About the anticipation regarding the relation of node speed with end-to-end delay, some points
can be explained. Firstly, as node speed increases, the delay value provided by the OLSR
routing protocol for all selected data rates decreases when the EGM mobility model is used.
Similar to the explanation given in Section [5.1.1.3] because packet loss ratio measured for
OLSR routing algorithm closing towards 1 for EGM mobility model, end-to-end delay of
the OLSR protocol decreases significantly; because none of the lost packets are taken into
account in calculating end-to-end delay values. Because of this situation, OLSR mean delay
value decreases as node speed increases when the EGM mobility model is used. On the
other hand, when the PPRZM or RWP mobility models are used, the packet loss ratio for the
OLSR routing algorithm only rises around 0.85. The data collection mechanism can obtain
more samples, which are not limited to the one or two-hop communications. Therefore, the
mean end-to-end value calculated for the OLSR routing algorithm for all selected data rates

increases as node speed increases.

Secondly, for the AODV routing algorithm with data rate 4096 bps and EGM mobility model,
when node speed is 90 m/s, there is a peak in end-to-end delay value. However, when de-
lay histograms for nodespeed-90m/s and nodespeed-120m/s are inspected, the delay values

measured for node speed of 90m/s and node speed of 120m/s do not significantly differ.

The delay histograms for the AODV routing protocol with stated node speeds and a data rate
of 4096 bps are presented in Figure [32] For node speed of 90m/s, %87.6 percent of the end-
to-end delay measurements (2331 out of 2662) are between 0 to 50 ms. For node speed of
120m/s, %89.4 percent of the end-to-end delay measurements (902 out of 1009) are between
0 to 50 ms. Even though the total transmitted packets, i.e., the data rate and the simulation

time, are the same for these two node speeds, the total number of delay measurements are
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different. This situation is because when node speed rises from 90 m/s to 120 m/s, total re-
ceived packets decrease due to the increased topology change rate, reducing the total number

of delay measurements.

As emphasized, even though most measurements range from 0 ms to 50 ms, the mean delay
value for node speed of 90 m/s is higher because there are delay measurements around 9

seconds, as shown in Figure[32al The data for these histograms are given in Appendix[D.2.1.1]

When the results are analyzed, it is possible to see that the AntHocNet routing algorithm
provides slightly better end-to-end delay values than AODV and OLSR for the PPRZM and
RWP mobility models. On the other hand, for the EGM mobility model, it is possible to state

that AntHocNet provides better delay values than AODV.

5.2.1.4 End-to-end Delay Variation (Jitter) vs. Node Speed

Results presented in Figures [33] 34} and [35] show that delay variation measurements for the
indicated scenarios range from 0 to 70 ms. When the data rate is 4096 bps and the AODV
routing algorithm is used, the measured jitter value shows similar behavior to the measured
delay value as the node speed increases, as given in Figure[33] These results are in accordance

with results obtained for end-to-end delay values presented in Section[5.2.1.3]

Another point is that when the mean end-to-end delay value of the OLSR routing protocol
drops significantly due to the packet loss ratio going over 0.9, delay variation values also
approach zero for the EGM mobility model. The mechanism behind this situation starts with
an increasing topology change rate. OLSR cannot cope with the higher topology change
rates, and the packet loss rate increases dramatically. Also, the mean hop count decreases
because OLSR cannot maintain longer paths, as explained in Section [5.2.1.2] Like end-to-
end delay values, delay variation values are also calculated by using the received packets.
Since the received packets are from shorter routes, their delay variation values are small. In
other words, the possibility of shorter routes being affected by the topology change is less than
that of long paths, which reduces the delay variation. Hence, delay variation values decrease.
The delay variation result of this mechanism can be observed from Figure [33] where the jitter

for the OLSR decreases as the node speed increases.
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Figure 33: Scenario-1I Results: End-to-End Delay Variation vs Node Speed (EGM)
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Figure 34: Scenario-1II Results: End-to-End Delay Variation vs Node Speed (PPRZM)

Unlike end-to-end delays, it is hard to claim that any of the compared routing protocols are

better than others in terms of jitter. While in some cases, AntHocNet is performing better than
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Figure 35: Scenario-1I Results: End-to-End Delay Variation vs Node Speed (RWP)

OLSR and AODV in terms of jitter, for instance, when the data rate is 16384bps as shown in
Figure 34} in other cases, AODV or OLSR may perform better.

5.2.1.5 Routing Overhead vs. Node Speed

The simulations executed for Scenario-II with EGM, PPRZM, and RWP mobility models are
presented in Figures [36] 37] and [38]

Due to that routing overhead indicates the number of routing packets received by the nodes
of FANET, it is expected that the OLSR routing protocol causes higher routing overhead
than AODV and AntHocNet routing protocols. This expectation is in accordance with the

simulation results obtained for all three of the mobility models presented in Figures [36] 37]
and 38l

Apart from this, there are some points which require further explanation. These points are

given as follows;

81



Routing Overhead

Routing Overhead

Routing Overhead by Packets vs Node Speed

140000 -
120000 -
100000 -
| —— AODV_4096
80000 —— OLSR_4096
—— AntHocMet_4096
60000 1 -—- AODV_16384
~-- OLSR_16384
40000 A ~=- AntHocNet_16384
—-- AODV_65536
20000 R ——————— —_— —-- OLSR_65536
'___,__“s.-.v=_-_-_-:=.'::=_?E£=‘:'7:';_:'::______t:___ —-= AntHocMet 65536
o{ =
0 20 40 60 80 100 120

Node Speed (m/s)

Figure 36: Scenario-1I Results: Routing Overhead vs Node Speed (EGM)
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Figure 37: Scenario-II Results: Routing Overhead vs Node Speed (PPRZM)

e Firstly, it can be seen from the results that, for AODV and AntHocNet routing algo-
rithms, as data rate increases, routing overhead also increases in EGM, PPRZM, and

RWP mobility models.
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Figure 38: Scenario-II Results: Routing Overhead vs Node Speed (RWP)

It should be noted that the reactive nature of AODV and AntHocNet routing algorithms
is the main reason for this situation. When more data packets need to be sent, a route
is needed for each transmission. However, as node speed increases, the number of
broken links also increases. Therefore, an increase in the route requirement for data
transmission demands more routing packets to be sent. In conclusion, both AODV and
AntHocNet need to send more routing packets as the data transmission need increases,

seen from the presented routing overhead results.

e Secondly, even though AODV and AntHocNet routing algorithms need more routing

packets to be sent as data rate increases, routing overhead caused by the OLSR routing
algorithm is not expected to be affected by a change in data rate. However, when the
results are inspected, the routing overhead of the OLSR routing algorithm decreases
as the data rate increases in all of the simulations executed for the selected mobility

models.

This situation can be understood with the packet loss ratio results. As it is stated in
Section [5.2.1.1] as the data rate increases, the packet loss rate of the OLSR routing al-
gorithm increases due to network congestion. Following the results analyzed in Section

[5.1.1.T] when the packet loss rate increases, the routing overhead for the OLSR routing
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algorithm decreases; hence, the dropped periodic routing messages cannot trigger sub-
sequent routing packet broadcasting. In conclusion, an increase in data rate causes the

routing overhead of the OLSR routing algorithm to decrease.

The decrease of routing overhead as the node speed increases for the OLSR routing

algorithm is analyzed in Section[5.1.1.1]
The results obtained for routing overhead show that the AntHocNet routing algorithm can

provide lower routing overhead than AODV even if it contains proactive components for the

route maintenance process.
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CHAPTER 6

CONCLUSIONS

This research makes three main contributions to the literature. Firstly, it provides a network
performance comparison of the bio-inspired routing protocol, namely the AntHocNet, and
the traditional routing algorithms, namely the AODV and the OLSR, for FW-UAYV ad hoc net-
works. Secondly, it provides a context where the effect of different mobility models, namely
the EGM, PPRZM, and RWP, can be observed on the compared routing algorithms. Lastly,
it shows the lower threshold value of the average number of neighbors to provide a non-

partitioned network and the effect of the changing node speed on this threshold value.

This chapter presents the significant results concerning these contributions. Also, it mentions
the limitations of this research and recommendations for later studies. Finally, concluding

remarks are presented.

6.1 Summary

This research provides a basis for future studies by dealing with some of the most critical

issues in FW-UAYV ad hoc networks.

Firstly, a comparison of various routing protocols from different categories is presented through
the NS-3 network simulations. The routing protocols used in this comprehensive study are
the AODYV, i.e., a reactive routing protocol, OLSR, i.e., a proactive routing protocol, and An-
tHocNet, i.e., a bio-inspired and hybrid routing protocol. These routing algorithms are tested
with scenarios appropriate for FW-FANETS, i.e., high node speeds, 3D simulation space, mo-

bility models offered for FW-UAVs. The comparison of the routing algorithms shows that the
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AntHocNet bio-inspired routing algorithm is a viable option for FW-UAV ad hoc networks,
i.e., FW-FANETS, and can outperform the traditional routing algorithms, namely the AODV
and OLSR.

Secondly, this research provides validation for the appropriate node density, in other words,
the average number of neighbors. In the preliminary work of this study, the required value of
the average number of neighbors for a non-partitioned network is investigated for the selected
routing protocols. Also, the effect of the node speed on this required value of the average
number of neighbors is observed. The results show a lower threshold value for the average
number of neighbors to provide connectivity, and this threshold value decreases as nodes start

to move, i.e., topology starts to change.

Lastly, this research undeniably shows that the mobility model selection affects routing per-
formance, affecting the topology change rate. Therefore, it should be noted that it is essential

to select suitable mobility models in mobile or flying, ad hoc network researches.

6.2 Discussion of Significant Results

According to the simulation results, it is clear that the change in topology change rate is
one of the most critical factors that affects the performance of the routing protocols. While
the dynamicity of the network topology increases, the communication performances of all
the routing algorithms deteriorate. However, it is clear that the AntHocNet algorithm, as a
hybrid routing protocol, adapts to the increasing dynamicity of the network topology better
than traditional routing algorithms, the AODV and the OLSR. In other words, the topology
change rate significantly affects route discovery. Even though some of the routing protocols
handle an increase in the topology change rate better than others, such as the AntHocNet
routing algorithm, an increase in the topology change rate usually damages the route discovery

process and degrades the network performance.

Another striking point is the impact of the selected mobility model. It is clear that the se-
lected mobility model directly influences the network performance of a routing protocol, ei-
ther proactive, reactive, or hybrid. The results indicate that the EGM mobility model increases

the topology change rate more than the PPRZM and RWP mobility models as expected; be-
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cause the EGM mobility model changes the trajectory dramatically only when the node is
close to the border of the simulation space. On the other hand, PPRZM can practically hover
if the node is in Stay-At, Eight, or Oval states. Furthermore, RWP can return the neighbor-

hood of the previous position without getting close to the simulation space’s border.

Another significant result obtained is that the OLSR routing algorithm is unsuitable for prac-
tical use in FW-FANETS. It should be noted that when node speed goes above 20 m/s, the
packet loss ratio of the OLSR routing protocol exceeds 0.4 and approaches 1 with increasing
node speed. These packet loss ratio values may not be acceptable for practical use cases. On
the other hand, AODV and AntHocNet can be used in FW-FANET applications since they

can limit the packet loss rate below a reasonable value.

As anticipated for the first research question, the results indicate that the performance of all
selected routing algorithms degrade as the topology change rate increases even though the

AntHocNet routing algorithm provides better performance than AODV and OLSR.

Another notable result that should be mentioned is concerning increasing data rates. It is
evident that the packet transmission interval, in other words, data rate, directly affects the per-
formance of all routing protocols, and consequently, network load has an immediate effect on
routing performance. The crucial point in this relationship is that when the topology change
rate increases, the effect of the network load on the routing algorithm performances increases.
In other words, routing protocols struggle to provide the quality of service, i.e., low packet

loss rate, end-to-end delay, and end-to-end jitter, as the topology change rate increases.

As anticipated for the second research question, the results indicate that the performance
of all selected routing algorithms degrade as the network load increases, even though the

AntHocNet routing algorithm provides better performance than the AODV and the OLSR.

About the factors that affect the connectivity of nodes in FW-UAV ad hoc networks, i.e.,

concerning the third research question, this study clearly shows two of them.

The first factor that is crucial for a non-partitioned network is the average number of neigh-
bors. In section [4.2.1.1] it is made clear that there is a lower threshold for the value of the

average number of neighbors that should be exceeded to obtain a non-partitioned network.
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The factor of the average number of neighbors is also presented in [7]] for stationary ad hoc
networks. The significant contribution of this study is to show that the lower threshold for
this factor shifts according to the node speed, i.e., the topology change rate. In other words,
as node speed increases, the required value of the average number of neighbors for a non-

partitioned network decreases.

The second factor that is significant for connectivity is the selection and the performance of
the routing algorithm. The OLSR routing protocol cannot maintain the routes at higher node
speeds appropriate for FW-UAVs; hence, the connectivity significantly degrades. It is possible
to reduce the TC message interval by changing the implementation parameters of the OLSR
routing protocol. By doing this, OLSR may maintain the routes at higher topology change
rates. However, this parameter tuning also increases routing overhead significantly. On the

other hand, AntHocNet bio-inspired routing algorithm can provide the desired connectivity.

The preliminary simulations conducted to validate the selected value for the average num-
ber of neighbors indicate that for the third research question, the anticipated factor, i.e., the

average number of neighbors, affects the connectivity of nodes in FW-FANETS.

6.3 Limitations of the Research

The limitations of this research are stated as follows:

1. One of the main limitations of this research is the processing power of the nodes. The
results presented in this study heavily depend on the ability of nodes to execute the

algorithms.

This limitation has two aspects. The first aspect is about the ability to execute the al-
gorithm. It is assumed that each node has enough memory and computing power to
execute the routing algorithms together with the IP stack and application layer. Sec-
ondly, this study assumes that the nodes can execute algorithms in Real-Time and with

ignorable processing latency.

2. Limitations of the NS-3 simulator tool apply to this research. The NS-3 simulator tool

is a discrete network simulator and does not provide real-time behaviors.
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3. The selection of OLSR, AODYV, and AntHocNet limits this study. It is possible to
extend this research by using different routing algorithms both for the traditional routing

algorithms and for the bio-inspired routing algorithm.

4. Another limitation of this study is that the node movements are independent of each

other. The results presented in this study do not hold for nodes that have group mobility.

5. This study uses only a selected group of data rates values.

6.4 Recommendations for Future Research

This research provides an inspiring basis for future studies. One of the recommendations
for future research is about the effect of the topology change rate on the minimum threshold
value of the average number of neighbors for a non-partitioned network. Even though this
study clearly shows the effect of the increasing node speed on the minimum threshold value
of the average number of neighbors for a non-partitioned network, it is also meaningful to
investigate the effect of the mobility models. Another interesting point would be to show how

the average number of neighbors affects the routing overhead.

Another aspect that may be investigated is concerning the issue of power consumption. It is
possible to extend this study by considering the estimated power consumption of the rout-
ing algorithms and comparing the performances of the bio-inspired routing algorithms with

energy-aware routing algorithms.

Another future research recommendation is to test bio-inspired algorithms other than AntHoc-
Net. It should be an excellent extension to test a bio-inspired routing algorithm from another
group of bio-inspired algorithms, such as the Artificial Bee Colony algorithm from the group
of Bee Algorithms. Moreover, it is possible to use traditional routing algorithms other than

AODV and OLSR.

Another recommendation may be the use of group mobility models in the simulations. Since
group mobility models are also a good fit for specific application areas and a good fit for
UAVs, studying the routing performance of the protocols with group mobility models would

be a fine addition to this research.
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In this research, the nodes communicate with a base node. It is possible to extend this work

by making nodes communicate with each other.

Last but not least, it is possible to focus on specific application layers, such as multimedia
streaming. Since airborne surveillance is one of the hottest research areas, it would be another
excellent extension for this study, and it is crucial to investigate the performance of bio-

inspired routing algorithms for such application areas.
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APPENDIX A

RESULTS FOR THE AVERAGE NUMBER OF NEIGHBORS

Table 6: PLR vs ANoN for AODV, OLSR and AntHocNet

Node Speed (m/s)  Routing  AvNumofNeighbors Packet Loss Rate

0 AODV 0.5655 1.0000
0 AODV 1.3404 1.0000
0 AODV 2.6180 0.9173
0 AODV 3.4845 0.4973
0 AODV 3.9816 0.4464
0 AODV 4.5239 0.1844
0 AODV 5.1133 0.1103
0 AODV 5.7517 0.0010
0 AODV 6.4412 0.0010
0 AODV 7.1838 0.0004
0 AODV 8.8357 0.0008
0 OLSR 0.5655 1.0000
0 OLSR 1.3404 1.0000
0 OLSR 2.6180 0.9193
0 OLSR 3.4845 0.5060
0 OLSR 3.9816 0.4535
0 OLSR 4.5239 0.1881
0 OLSR 5.1133 0.1139
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Node Speed (m/s) Routing = AvNumofNeighbors Packet Loss Rate

0 OLSR 5.7517 0.0000
0 OLSR 6.4412 0.0000
0 OLSR 7.1838 0.0000
0 OLSR 8.8357 0.0000
0 AntHocNet 0.5655 1.0000
0 AntHocNet 1.3404 1.0000
0 AntHocNet 2.6180 0.4272
0 AntHocNet 3.4845 0.2196
0 AntHocNet 3.9816 0.2013
0 AntHocNet 4.5239 0.0797
0 AntHocNet 5.1133 0.0493
0 AntHocNet 5.7517 0.0015
0 AntHocNet 6.4412 0.0014
0 AntHocNet 7.1838 0.0010
0 AntHocNet 8.8357 0.0009
5 AODV 0.5655 1.0000
5 AODV 1.3404 0.6938
5 AODV 2.6180 0.1298
5 AODV 3.4845 0.0519
5 AODV 3.9816 0.0245
5 AODV 4.5239 0.0189
5 AODV 5.1133 0.0128
5 AODV 5.7517 0.0148
5 AODV 6.4412 0.0094
5 AODV 7.1838 0.0129
5 AODV 8.8357 0.0104
5 OLSR 0.5655 1.0000
5 OLSR 1.3404 0.9106
5 OLSR 2.6180 0.2443
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Node Speed (m/s) Routing = AvNumofNeighbors Packet Loss Rate

5 OLSR 3.4845 0.1902
5 OLSR 3.9816 0.1334
5 OLSR 4.5239 0.1026
5 OLSR 5.1133 0.0757
5 OLSR 5.7517 0.0402
5 OLSR 6.4412 0.0344
5 OLSR 7.1838 0.0426
5 OLSR 8.8357 0.0188
5 AntHocNet 0.5655 1.0000
5 AntHocNet 1.3404 0.3125
5 AntHocNet 2.6180 0.0937
5 AntHocNet 3.4845 0.0375
5 AntHocNet 3.9816 0.0320
5 AntHocNet 4.5239 0.0219
5 AntHocNet 5.1133 0.0123
5 AntHocNet 5.7517 0.0107
5 AntHocNet 6.4412 0.0091
5 AntHocNet 7.1838 0.0126
5 AntHocNet 8.8357 0.0043

Table 7: PLR vs ANoN for AntHocNet with Various Speeds

Node Speed (m/s) AvNumofNeighbors Packet Loss Rate

0 0.56549 1.00000
0 1.34041 1.00000
0 2.61799 0.34621
0 3.48455 0.20114
0 3.98164 0.13935
0 4.52389 0.06163
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Node Speed (m/s) AvNumofNeighbors Packet Loss Rate
0 5.11327 0.04969
0 5.75173 0.02530
0 6.44125 0.00138
0 7.18378 0.00105
0 10.72330 0.00087
1 0.56549 1.00000
1 1.34041 0.74246
1 2.61799 0.22300
1 3.48455 0.12014
1 3.98164 0.07784
1 4.52389 0.05243
1 5.11327 0.03830
1 5.75173 0.01610
1 6.44125 0.00476
1 7.18378 0.00173
1 10.72330 0.00113
5 0.56549 1.00000
5 1.34041 0.32858
5 2.61799 0.10136
5 3.48455 0.03894
5 3.98164 0.03467
5 4.52389 0.02493
5 5.11327 0.01567
5 5.75173 0.01318
5 6.44125 0.01219
5 7.18378 0.00999
5 10.72330 0.00544
10 0.56549 0.48495
10 1.34041 0.32617
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Node Speed (m/s) AvNumofNeighbors Packet Loss Rate
10 2.61799 0.09683
10 3.48455 0.07086
10 3.98164 0.06630
10 4.52389 0.06489
10 5.11327 0.05423
10 5.75173 0.04779
10 6.44125 0.06247
10 7.18378 0.04469
10 10.72330 0.02089
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APPENDIX B

MOBILITY MODEL USER CODES

0| MobilityHelper mobility helper;

2 int64 t streamIndex = 0; // used to get consistent mobility across scenarios

4] ObjectFactory pos;

5| pos.SetTypeld ("ns3::RandomBoxPositionAllocator");

6| pos.Set ("X", StringValue ("ns3::UniformRandomVariable[Min=0.0 Max=2000.0]"));
7| pos.Set ("Y", StringValue ("ns3::UniformRandomVariable[Min=0.0 Max=2000.0]"));
8| pos.Set ("Z", StringValue ("ns3::UniformRandomVariable[Min=0.0 Max=1500.0]"));

10| Ptr PositionAllocator taPositionAlloc = pos.Create () GetObject PositionAllocator O3

11| streamIndex += taPositionAlloc AssignStreams (streamIndex);

13] std :: stringstream ssSpeed;
14| ssSpeed "ns3:: UniformRandomVariable [Min=" (pconfig nodeSpeed 5) " Max=" (pconfig nodeSpeed + 5)
"

16/ mobility helper.SetMobilityModel (

17] "ns3 :: EnhancedGaussMarkovMobilityModel ",

18| "Bounds", BoxValue (Box (0, 2000, 0, 2000, 0, 1500)),
"TimeStep", TimeValue (Seconds (0.5)),

20| "Alpha", DoubleValue (0.85),

21| "MeanVelocity ", StringValue (ssSpeed.str()),

22| "MeanDirection", StringValue ("ns3::UniformRandomVariable[Min=0 Max=6.283185307]"),

23| "MeanPitch", StringValue ("ns3::UniformRandomVariable[Min=0.05 Max=0.051"),

24| "NormalVelocity", StringValue ("ns3::NormalRandomVariable[Mean=0.0 Variance=0.0 Bound=0.0]"),
25| "NormalDirection", StringValue ("ns3::NormalRandomVariable[Mean=0.0 Variance=0.2 Bound=0.4]"),
26 "NormalPitch", StringValue ("ns3::NormalRandomVariable[Mean=0.0 Variance=0.02 Bound=0.04]")
2715

29| mobility helper. SetPositionAllocator (taPositionAlloc);

30| mobility helper.Install(nodes);

32| std ::cout "BGM mobility Selected";

Listing B.1: EGM User Code

0] MobilityHelper mobility helper;
2] int64 t streamIndex = 0; // used to get consistent mobility across scenarios

4] ObjectFactory pos;
5| pos.SetTypeld ("ns3::RandomBoxPositionAllocator");
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pos.Set ("X", StringValue ("ns3::UniformRandomVariable [Min=0.0 Max=2000.0]")):
pos.Set ("Y", StringValue ("ns3::UniformRandomVariable[Min=0.0 Max=2000.0]"));
pos.Set ("Z", StringValue ("ns3::UniformRandomVariable[Min=0.0 Max=1500.0]")):

Ptr PositionAllocator taPositionAlloc = pos.Create () GetObject PositionAllocator

streamIndex += taPositionAlloc AssignStreams (streamIndex);

std ::stringstream ssSpeed;

ssSpeed pconfig nodeSpeed;

mobility helper.SetMobilityModel (
"ns3:: PaparazziMobilityModel ",
"Bounds", BoxValue (Box (0, 2000, 0, 2000, 0, 1500)),
"Speed", StringValue (ssSpeed.str ()),
"TurnRadius", DoubleValue(30),

"PositionAllocator", PointerValue (taPositionAlloc));

mobility helper. SetPositionAllocator (taPositionAlloc);

mobility helper.Install(nodes);

std :: cout "Paparazzi mobility Selected";

O3

Listing B.2: PPRZM User Code
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APPENDIX C

DATA COLLECTOR IMPLEMENTATIONS

/
flow monitor stats reader.cc
Created on: Mar 23, 2020
Author: burak seker
/

include "flow monitor stats reader.h"

include boost/filesystem/path.hpp
include sys/stat.h

include fstream

include ios

include boost/filesystem .hpp
include algorithm

include tuple

include vector

include ns3/gnuplot.h

include ns3/histogram.h

using std:: codecvtabstractbase;
using std:: get;

using std::ios;

using std::ofstream;

using std::tuple;

using std::vector;

include iostream

namespace ns3

using ns3::FlowMonitor;

define UDPPACKETHEADERSIZE 28

typedef vector tuple double,double tuple list;

void FlowMonitorStatsReader :: ReadFlowMonitorStats (Ptr FlowMonitor flowmon,

SOLSRMSGSINFO polsrmsgsinfo, uint32t runnum)

this pFlowMonitor = flowmon;

flowmon CheckForLostPackets () ;

uint32t

const FlowMonitor:: FlowStatsContainer flowStats = pFlowMonitor GetFlowStats ()
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44 uint64t totalrx bytes = 0;

45 uint64t totaltx bytes = 0;

46 uint32t totalrx packets = 0;

47 uint32t total tx packets = 0;

18 uint32t totallostpackets = 03

49 Time totaldelay = MilliSeconds (0);

50 Time total jitter = MilliSeconds (0);

51 uint32t total forwarded packetnum = 0;

52 uint32t totalrx datapackets = 0;

53

54

55 Time total rx delta = MilliSeconds (0);

56 Time total tx delta = MilliSeconds (0);

57

58 uint32t total flow count = 0;

59 tuple list delay histdata;

60

61 for (FlowMonitor:: FlowStatsContainerCI flowl = flowStats.begin (); flowl != flowStats.end (): flowI++)

62 total flow count ++;

63 totalrx bytes += flowl second.rxBytes;

64 total tx bytes += flowl second.txBytes;

65 totalrx packets += flowl second.rxPackets;

66 total tx packets += flowl second.txPackets;

67

68 total tx delta += flowl second.timeLastTxPacket flowl second . timeFirstTxPacket;

69

70 if (flowl second.packetSizeHistogram.GetNBins() = packetsize + UDPPACKETHEADERSIZE + 1 )

71 //flow is dataPacketFlow

72 uint32t datapacketcnt = flowl second.packetSizeHistogram.GetBinCount(packetsize +
UDPPACKETHEADERSIZE) ;

73 if (datapacketcnt 0)

74 total rx data packets += datapacketcnt;

75

76 total lost packets += flowl second . lostPackets ;

77 total delay += flowl second.delaySum;

78 total jitter += flowl second.jitterSum:;

79 total forwarded packetnum += flowl second . timesForwarded ;

80 total rx delta += flowl second.timeLastRxPacket flowI second.timeFirstRxPacket;

81

82 Histogram hist = flowl second.delayHistogram;

83 uint128t bins=flowl second.delayHistogram.GetNBins();

84 for (uint128t i=0;i bins;i++)

85 delay hist data.pushback (tuple double,double ( hist.GetBinStart(i),hist.GetBinCount(i)));

86

87

88 else

89 total rx data packets ++;

90 total rx data packets ;

91

92

93

94 // Instantiate the dataset, set its title, and make the points be

95 // plotted along with connecting lines.

96 std :: string fileNameWithNoExtension = "output data/delay hist " + std::tostring(runnum);

97 std::string graphicsFileName = "output data/delay hist " + std::tostring (runnum) + ".png";

98 std :: string plotFileName = "output data/delay hist " + std::tostring (runnum) + ".plt";

99 std::string plotTitle = "Delay Histogram";

100 std::string dataTitle = "Mean Delay";

101

102 // Instantiate the plot and set its title.

103 Gnuplot plot (graphicsFileName);
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140
141
142
143
144

plot.SetTitle (plotTitle);

plot.SetOutputFilename (" delay hist " + std::tostring (runnum) +
// Make the graphics file, which the plot file will create when it
// is used with Gnuplot, be a PNG file.

plot.SetTerminal ("png");

// Set the labels for each axis.

plot.SetLegend ("Mean Delay", "Occurence");

Gnuplot2dDataset dataset;
dataset.SetTitle (dataTitle);
dataset. SetStyle (Gnuplot2dDataset:: LINESPOINTS) ;

sort(delay hist data.begin(), delay histdata.end());
double val = 0;

for(uint32t i=0; i delay histdata.size(); i++)
if (i == 0)

val = get 1 (delay histdata[i]);

else

if (fabs(get 0 (delay histdata[i]) get 0 (delay histdatal[i
val += get 1 (delay histdatal[i]);
else
dataset .Add(get 0 (delay histdatal[i 1]),val);
val = get 1 (delay histdata[i]);

if (i == (delay histdata.size () 1))
//last tuple
dataset.Add(get 0 (delay histdata[i]),val);

/!l Add the dataset to the plot.
plot.AddDataset (dataset);

// Open the plot file.
std :: ofstream plotFile (plotFileName.c str());

// Write the plot file.
plot.GenerateOutput (plotFile);

// Close the plot file.
plotFile.close ();

if (0 == total flow count == totalrx datapackets)
meanDelayMs = 0;
meanlJitterMs = 0;
meanHopCount = 0;
meanRxBitRateBps = 0;

meanRxPacketSizeByte = 0;

packetLoss = 1;

packetLossWithControlMsgs = 1;
meanTxPacketSizeByte = 0;

meanTxBitRateBps = 0;

routingOverheadPackets = 1;
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routingOverheadBytes = 1;

else

meanDelayMs = total delay .GetMilliSeconds() / (float)totalrx data packets;

meanlJitterMs = total jitter .GetMilliSeconds () / (float)(totalrx datapackets);

meanHopCount = I+ total forwarded packetnum /(float)totalrx datapackets;

meanRxBitRateBps = (8 total rx data packets (packetsize + UDPPACKETHEADERSIZE)) / (float)
total rx delta.GetSeconds () ;

meanRxPacketSizeByte = total rx bytes / (float)totalrx packets;

packetLoss = total lost packets / (float)(totallostpackets + totalrx datapackets);

meanTxPacketSizeByte = total tx bytes / (float)total tx packets;

meanTxBitRateBps = (8 total tx bytes) / (float)total tx delta.GetSeconds();

//means olsr packages. Flowmon cannot filter olsr control messages. So take it from outside

if(polsrmsgsinfo rx packetcount 0)
routingOverheadPackets = polsrmsgsinfo rx packetcount;
routingOverheadBytes = polsrmsgsinfo rx bytecount;

packetLossWithControlMsgs = (total tx packets total rx packets)/ (float)total tx packets;

else

packetLossWithControlMsgs = (total tx packets total rx packets)/ (float)total tx packets;

routingOverheadPackets = totalrx packets total rx data packets;

routingOverheadBytes = totalrx bytes (totalrx data packets (packetsize + UDPPACKETHEADERSIZE)) ;

void FlowMonitorStatsReader:: SaveStats (string path, string filename)

boost:: filesystem :: path dir(path);

boost:: filesystem :: create directory (dir);

ofstream file;

file .open(path+boost:: filesystem :: path::separator +filename, ios::out);

file "meanDelayMs" "t
"meanlJitterMs" "
"packetLoss" "
"packetLossWithControlMsgs" "ot
"meanRxPacketSizeByte" ot
"meanTxBitRateBps" "ot
"meanRxBitRateBps" "o
"meanHopCount" "t
"routingOverheadPackets" "o
"routingOverheadBytes" "
std ::endl;

file meanDelayMs "t

meanlJitterMs "t

packetLoss "
packetLossWithControlMsgs R
meanRxPacketSizeByte "ot
meanTxBitRateBps "t
meanRxBitRateBps "t
meanHopCount "
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routingOverheadPackets "t
routingOverheadBytes "t
std ::endl;

file .close ()

void FlowMonitorStatsReader :: SerializeHistogram (std :: string name, Histogram hist)

std :: stringstream fname;
std ::stringstream fpname;
fpname name ".gnuplot";

fname name ".jpg";:

Gnuplot plot (fname.str());

plot.SetTitle ("Delay Histogram");

plot.SetTerminal ("jpeg");

plot.SetLegend ("Delay (ms)","probability ")

Gnuplot2dDataset ds;

ds.SetTitle ("Delay");

ds.SetStyle (Gnuplot2dDataset :: HISTEPS) ;

uintl28t bins=hist.GetNBins();

for (uint128t i=0;i bins;i++)
ds.Add(hist.GetBinStart(i),hist.GetBinCount(i));

plot.AddDataset(ds);

std :: ofstream plotFile (fpname.str().c str()):
plot.GenerateOutput(plotFile);
plotFile.close () ;

Listing C.1: FlowMonitorStatsReader Implementation

import os

from os import path

import shutil

from datetime import datetime
import statistics

from typing import List, Union
import numpy as np

from random import seed

from random import randint

from numpy import number

import TestConfig

runlooprange stop = TestConfig.totalrunnum + 1

delay dic = dict()
delay errdic = dict()

jitter dic = dict()
pktloss dic = dict()
tx pktsize dic = dict()
rx pktsize dic = dict()
tx bps dic = dict()
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67
68
69

rx bpsdic = dict()

meanhopdic = dict()

routing overhead by packetdic =
routing overhead by byte dic = di
now = datetime .now ()

date time str = now. strftime (" d

def runtest(numofnode , router,

global delaydic, date times

testout maindir =

dict ()
ct ()

m Y H M S")

node speed ms ,

tr

trafficcbrbps .

TestConfig.test out main dir

testname + "/"

testname ,

testout maindir = testoutmaindir + "/" +
Run NS3 Tests
os.chdir(TestConfig.ns3 dir)
cmdstr = "./waf run "routing simulator "
" runNumber = run:d seed = seed:d "
" nodeNumber = nodeNum:d "
" routingType = routing:d "
" time = simTime:d "
" dataRateBps = dataRate:d "
" nodeSpeed = nodeSpeed:d "
" mobilityType = mobilityType:d ""
for x in range(l, runlooprangestop , 1):
seed (x)

os.system(cmd str.format(run=x,

dataRate=traffic cbrbps ,

Create test folder with datetime

s.chdir(TestConfig.ns3 repo dir)

testoutcurdir = "0 /Node 1 R 2 M 3
numofnode),
if not os.path.exists(testoutcurdir):

os.makedirs(test out cur dir)

move all output files
files = os.listdir (TestConfig.ns3 outdir)
for f in files:

shutil .move(TestConfig.ns3 outdir + "/" + f,
Aggregate results
s.chdir(testoutcur dir)

filename base = "flow reader stats

List[str] = []
List[Union[List[float]]] = []

aggresnames :

aggresults:

num of failed runs = 0
for x in range(l, runlooprangestop , 1):
if path.exists(filename base + str(x)):
file = open(filenamebase + str(x), r )
lines = file.readlines ()
results = [float(i) for i in
if x == 1:

DataRate

lines [1].strip ().split (

seed=1234, nodeNum=num of node ,

4 NSpeed 5

testoutcur dir)

t)]

110
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". format(testout maindir ,

mobility):

+ date time str

routing=router , simTime=120,

mobilityType=mobility))

str(
str(router), str(mobility),
str(trafficcbrbps),

str(node speedms))
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117
118
119
120

aggresnames = lines[0].strip ().split( t )

if 1 != results[TestConfig.indpacketLoss]:

aggresults .append(results)

file .close ()
else:
num of failedruns = num of failed runs + 1

print ("Num OF Failed Runs: 0 ".format(num of failedruns))

arrt = np.array(aggresults).T

means = np.zeros (( TestConfig.ind looprange stop , 1))
medians = np.zeros ((TestConfig.ind looprangestop , 1))
std = np.zeros ((TestConfig.ind looprangestop , 1))

for x in range (0, TestConfig.indlooprangestop):

means[x] = statistics.mean(arr t[x])

medians[x] = statistics.median(arr t[x])

std[x] = statistics.stdev(arr t[x], xbar=means[x][0])
with open("results meanmedianstd", "w+") as outfile:

outfile.write (" t".join(str(item) for item in means))
outfile . write (" n")

outfile.write (" t".join(str(item) for item in medians))
outfile . write (" n")

outfile.write (" t".join(str (item) for item in std))

delay dic[TestConfig. variable parameter val] = means[TestConfig.indmeanDelayMs]

delay errdic[TestConfig.variable parameter val] = std[TestConfig.indmeanDelayMs ]

jitter dic [TestConfig. variable parameter val] = means[TestConfig.ind meanJitterMs ]
pktloss dic[TestConfig.variable parameter val] = means[TestConfig.ind packetLoss]
tx pktsize dic [TestConfig. variable parameter val] = means[TestConfig.indmeanTxPacketSizeByte ]
rx pktsize dic [TestConfig.variable parameter val] = means[TestConfig.ind meanRxPacketSizeByte ]

tx bps dic[TestConfig. variable parameter val] = means[ TestConfig.indmeanTxBitRateBps]

rx bps dic[TestConfig. variable parameter val] = means[ TestConfig.indmeanRxBitRateBps]
meanhopdic[TestConfig. variable parameter val] = means[TestConfig.indmeanHopCount]
routing overhead by packetdic[TestConfig.variable parameter val] = means[TestConfig.

indroutingOverheadPackets]

routingoverhead by byte dic [ TestConfig. variable parameter val] = means[TestConfig.indroutingOverheadBytes]

os.chdir(test out main dir)

print ("Num OF Failed Runs: O ".format(num of failedruns))

Listing C.2: TestRunner Implementation In Python
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APPENDIX D

SIMULATION RESULTS

The tables provided in Appendix [D]are using the following symbology:

R : Routing Type

e M : Mobility Type

DR : Data Rate (bps)

NS : Node Speed(m/s)

D : End-to-End Delay (ms)

e HC : Mean Hop Count

J : Jitter (ms)

PLR : Packet Loss Ratio

e RO : Routing Overhead

D.1 Scenariol Data

Table 8: Scenariol Data

R M NS D HC J PLR

RO
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R M NS D HC J PLR RO
AODV EGM 5 6491 3291 4849 0.021 1500
AODV EGM 10  7.261 3.022 7.069 0.032 2436
AODV EGM 20 13.073 3.020 13.020 0.073 4965
AODV EGM 30 20.678 3.239 17.987 0.124 6441
AODV EGM 50 25573 3.308 25.651 0.189 8925
AODV EGM 70 277770 3410 24297 0.240 11706
AODV EGM 90 39.678 3.496 39519 0.277 12348
AODV EGM 120 34930 3.455 21.154 0.298 13140
OLSR EGM 5 4320 2768  2.632 0.140 134463
OLSR EGM 10 7.675 2729 5373 0.220 149103
OLSR EGM 20 13.121 2.788  9.035 0.448 149009
OLSR EGM 30 17.762 2773 12.849 0.584 139383
OLSR EGM 50 14.039 2.669 8463 0.806 118524
OLSR EGM 70 9959 2597 2996 0950 93196
OLSR EGM 90 7.878 2249 2273 0984 71889
OLSR EGM 120 7.318 2.000 1.338 0.996 55246

AntHocNet EGM 5 2680 3915 1.273 0.027 4269
AntHocNet EGM 10  3.069 3569 1.603 0.053 4619
AntHocNet EGM 20 5842 3.669 4.106 0.071 5278
AntHocNet EGM 30 10.215 3.998 7.365 0.104 6148
AntHocNet EGM 50 14.482 3926 13.368 0.133 6742
AntHocNet EGM 70 19.206 3.926 19.459 0.190 6744
AntHocNet EGM 90 19.266 4.073 19.203 0.259 6505
AntHocNet EGM 120 22319 3.933 24.771 0.340 4985
AODV PPRZM 5 7724 2626 6.894 0.035 3789
AODV PPRZM 10 12719 2.608 11.821 0.056 7945
AODV PPRZM 20 14.459 2.794 12.729 0.071 5332
AODV PPRZM 30 13.302 2.744 13.299 0.099 6879
AODV PPRZM 50 24.721 2.831 20.760 0.152 8185
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R M NS D HC J PLR RO
AODV PPRZM 70 36.933 2.658 24.175 0.205 9294
AODV PPRZM 90 46.256 2.578 26.843 0.223 9573
AODV PPRZM 120 57.145 2.542 35.094 0.245 10647
OLSR PPRZM 5 5983 2380 3.797 0.066 170474
OLSR PPRZM 10 8334 2296 6.169 0.181 179680
OLSR PPRZM 20 9.261 2374 7.032 0.354 159358
OLSR PPRZM 30 14.893 2278 11.563 0476 150392
OLSR PPRZM 50 24468 2302 20.384 0.656 132998
OLSR PPRZM 70 38548 2.376 36.892 0.746 115643
OLSR PPRZM 90 37.484 2052 28.803 0.775 99727
OLSR PPRZM 120 64.814 2071 52.013 0.833 86169

AntHocNet PPRZM 5 2401 3356 1.247 0.018 4246
AntHocNet PPRZM 10 4.791 3.196  3.438 0.056 4792
AntHocNet PPRZM 20 7.058 3.501 6.232 0.074 5073
AntHocNet PPRZM 30 8.640 3.539 6.567 0.108 5613
AntHocNet PPRZM 50 13.275 3.527 10372 0.108 6120
AntHocNet PPRZM 70 16.047 3.437 15.091 0.145 6225
AntHocNet PPRZM 90 16942 3.405 15.968 0.173 6856
AntHocNet PPRZM 120 22776 3.295 21.572 0.209 7239
AODV RWP 5 6770 2739 6438 0.037 3731
AODV RWP 10 14385 2485 13.994 0.070 7752
AODV RWP 20 15.284 2.508 14.339 0.082 7033
AODV RWP 30 19.888 2.566 19.501 0.103 10483
AODV RWP 50 24895 2522 25523 0.141 13576
AODV RWP 70 28.123 2575 30.882 0.168 15157
AODV RWP 90 50380 2.505 38245 0.202 17121
AODV RWP 120 59995 2383 38.032 0.234 17699
OLSR RWP 5 7233 2377 4845 0.056 170071
OLSR RWP 10 8484 2191 6.170 0.159 185647

115



R M NS D HC J PLR RO
OLSR RWP 20 12313 2226 8869 0.309 184571
OLSR RWP 30 19.966 2276 16993 0.464 176490
OLSR RWP 50 22360 2.192 17.135 0.604 160487
OLSR RWP 70 27.411 2.035 20524 0.719 134937
OLSR RWP 90 23.136 1.941 19.190 0.822 113212
OLSR RWP 120 42.385 1.885 32.106 0.898 86893

AntHocNet  RWP 5 2561 3231 0959 0.011 4280
AntHocNet  RWP 10 3.641 3205 2508 0.064 4388
AntHocNet  RWP 20 7.687 3.199 6.120 0.079 4851
AntHocNet  RWP 30 11.061 3.291 8.897 0.094 5296
AntHocNet  RWP 50 15.146 3.317 15389 0.129 5890
AntHocNet  RWP 70 19.381 3.061 18.714 0.163 6718
AntHocNet  RWP 90 19949 3.027 20.331 0.190 6601
AntHocNet RWP 120 22250 2958 25.602 0.225 6597

D.2 Scenario2 Data

D.2.1 Simulation Data for EGM Mobility Model

Table 9: Scenario2 Data for EGM Mobility Model

R DR NS D HC J PLR RO
AODV 4096 bps 5 8528 3.118 6.921 0.020 1641
AODV 4096 bps 10 11.718 3.063 12.435 0.032 2521
AODV 4096 bps 20 21.086 3.065 21.031 0.066 4409
AODV 4096 bps 30 27.749 3.496 31.489 0.083 6390
AODV 4096 bps 50 37.174 3.437 37.207 0.162 8194
AODV 4096 bps 70 34585 3.442 42949 0.203 10709
AODV 4096 bps 90 78336 3.571 69.016 0.247 10925
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R DR NS D HC J PLR RO
AODV 4096 bps 120 46.358 3.406 35305 0.270 11548
OLSR 4096 bps 5 5492 2761 3205 0.121 134875
OLSR 4096 bps 10 8511 2691 6320 0.223 149288
OLSR 4096 bps 20 13383 2.738 10.291 0.441 151078
OLSR 4096 bps 30 16.675 27726 14.419 0.590 142988
OLSR 4096 bps 50 20950 2.671 17.502 0.795 120381
OLSR 4096 bps 70 12221 2716 4.196 0946 93933
OLSR 4096 bps 90 10.161 2.207 3.438 0984 75637
OLSR 4096 bps 120  8.083 2.000 2.087 0.997 55757

AntHocNet 4096 bps 5 3890 3714 2707 0.027 4218
AntHocNet 4096 bps 10 4969 3.661 3.586 0.038 4662
AntHocNet 4096 bps 20 8.786 3.823  7.642 0.063 5077
AntHocNet 4096 bps 30 13.105 3.884 12.549 0.084 5492
AntHocNet 4096 bps 50 17346 3.785 18.642 0.118 5770
AntHocNet 4096 bps 70 23.423 3.802 30.240 0.174 5865
AntHocNet 4096 bps 90 25.661 3.954 32963 0.243 5302
AntHocNet 4096 bps 120 29.525 3.859 38.605 0.312 4356
AODV 16384 bps 5 509 3.114 3.496 0.026 1778
AODV 16384bps 10  6.178 3.030 4.480 0.032 2687
AODV 16384bps 20 9.832 3.040 8.615 0.100 5212
AODV 16384 bps 30 14.955 3.349 11.063 0.147 7109
AODV 16384bps 50 18.499 3267 14.627 0.228 9334
AODV 16384bps 70 21.802 3494 17.691 0.271 13220
AODV 16384bps 90 25.385 3.282 18750 0.351 12563
AODV 16384 bps 120 23.660 3.558 16.030 0.379 12968
OLSR 16384 bps 5 3705 2761 2472 0.149 133664
OLSR 16384bps 10  6.520 2.766 4570 0.232 147920
OLSR 16384 bps 20 11.380 2.817  8.098 0.457 145787
OLSR 16384bps 30 17.178 2.749 12.763 0.590 134370
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R DR NS D HC J PLR RO
OLSR 16384 bps 50 13.723 2.730 10947 0.825 115963
OLSR 16384 bps 70  8.956 2468 3360 0.957 89597
OLSR 16384bps 90  6.005 2201 1.799 0984 71821
OLSR 16384 bps 120  5.673 2.000 1.158 0.996 54935

AntHocNet 16384 bps 5 2182 3.589 0.735 0.027 4541
AntHocNet 16384 bps 10  3.533 3.620 1.787 0.075 4999
AntHocNet 16384bps 20 5.590 3.734  3.295 0.094 5624
AntHocNet 16384 bps 30  8.528 3.996 5.197 0.107 6556
AntHocNet 16384bps 50 10.100 3.811  6.241 0.156 7653
AntHocNet 16384bps 70 14.420 3.931 10.216 0.214 8619
AntHocNet 16384 bps 90 15.006 4.178 10.925 0.285 8753
AntHocNet 16384 bps 120 17.391 4.100 12.565 0.366 7400
AODV 65536 bps 5 24280 3.133  6.947 0.084 5299
AODV 65536 bps 10 16.150 3.003  4.669 0.138 5601
AODV 65536 bps 20 23.583 3.038 7.965 0.216 8180
AODV 65536 bps 30 19.030 3.197 6.799 0.296 9373
AODV 65536 bps 50 28.541 3.044 9.206 0.427 11840
AODV 65536 bps 70 23.635 3.270 10.474 0.507 13758
AODV 65536 bps 90 24.534 3.189 10.113 0.564 14238
AODV 65536 bps 120 27.315 3.475 9908 0.600 14404
OLSR 65536 bps 5 17584 2878  6.530 0.183 128372
OLSR 65536 bps 10 24.696 2.762  8.130 0.266 134045
OLSR 65536 bps 20 23926 2.818 11.729 0.509 128909
OLSR 65536 bps 30 22.722 2785 11.323 0.652 113518
OLSR 65536bps 50 16.103 2.626  8.780 0.859 94971
OLSR 65536 bps 70 19.553 2.393  8.658 0.959 78411
OLSR 65536 bps 90 9.497 2.119 4818 0988 66360
OLSR 65536 bps 120 13.556 2.000 3.059 0999 52381
AntHocNet 65536 bps 5 17.025 3798  6.611 0.139 6263
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R DR NS D HC J PLR RO
AntHocNet 65536 bps 10 20.675 3.518 8.658 0.178 6772
AntHocNet 65536bps 20 27.928 3.801 10.650 0.213 8978
AntHocNet 65536bps 30 27.510 3.962 11.005 0.275 10400
AntHocNet 65536 bps 50 32.066 3.846 12.550 0.321 14028
AntHocNet 65536bps 70 33.975 3.841 13911 0380 17527
AntHocNet 65536bps 90 29.555 4.122 12.662 0.429 18919
AntHocNet 65536 bps 120 21.048 4.174 9.875 0.460 19547

D.2.1.1 Delay Histogram Data

Table 10: Delay Histogram Data For EGM Mobility Model

End-to-End Delay (s) # of Occurence Node Speed (m/s)
0.001 85 90
0.002 141 90
0.003 151 90
0.004 169 90
0.005 197 90
0.006 168 90
0.007 135 90
0.008 131 90
0.009 154 90

0.01 105 90
0.011 100 90
0.012 67 90
0.013 46 90
0.014 56 90
0.015 49 90
0.016 30 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.017 20 90
0.018 17 90
0.019 29 90

0.02 26 90
0.021 25 90
0.022 19 90
0.023 15 90
0.024 13 90
0.025 15 90
0.026 12 90
0.027 19 90
0.028 8 90
0.029 12 90

0.03 14 90
0.031 9 90
0.032 13 90
0.033 11 90
0.034 10 90
0.035 6 90
0.036 3 90
0.037 5 90
0.038 12 90
0.039 11 90
0.04 10 90
0.041 6 90
0.042 7 90
0.043 8 90
0.044 6 90
0.045 5 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.046 5 90
0.047 3 90
0.048 4 90
0.049 3 90

0.05 7 90
0.051 6 90
0.052 7 90
0.053 10 90
0.054 5 90
0.055 4 90
0.056 4 90
0.057 6 90
0.058 2 90
0.059 7 90

0.06 4 90
0.061 3 90
0.062 1 90
0.064 2 90
0.065 3 90
0.066 2 90
0.067 3 90
0.068 3 90
0.069 3 90
0.071 1 90
0.072 1 90
0.073 4 90
0.074 2 90
0.076 1 90
0.077 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.078 3 90
0.079 1 90
0.08 4 90
0.081 1 90
0.082 1 90
0.086 2 90
0.087 1 90
0.088 2 90
0.089 1 90
0.091 1 90
0.092 1 90
0.093 2 90
0.096 1 90

0.1 1 90
0.101 2 90
0.102 1 90
0.103 1 90
0.105 1 90
0.107 1 90
0.109 1 90
0.111 1 90
0.112 1 90
0.117 2 90
0.119 3 90
0.12 1 90
0.121 2 90
0.135 1 90
0.142 1 90
0.149 2 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.159 2 90
0.172 1 90
0.173 1 90
0.176 1 90
0.19 1 90
0.199 2 90
0.239 1 90
0.256 1 90
0.261 1 90
0.28 1 90
0.283 1 90
0.287 1 90
0.294 1 90
0.311 1 90
0.317 1 90
0.326 1 90
0.327 1 90
0.331 1 90
0.368 1 90
0.385 1 90
0.39 1 90
0.405 1 90
0.416 1 90
0.437 1 90
0.463 1 90
0.515 1 90
0.518 1 90
0.519 1 90
0.525 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.53 1 90
0.534 2 90
0.536 1 90
0.542 1 90
0.544 1 90
0.545 1 90
0.547 1 90
0.555 1 90

0.56 1 90
0.563 1 90
0.569 1 90
0.581 1 90
0.585 1 90

0.59 1 90
0.591 1 90
0.592 1 90
0.603 1 90

0.61 1 90
0.613 1 90
0.614 1 90
0.615 1 90
0.643 1 90
0.658 1 90
0.667 1 90
0.671 2 90
0.678 1 90
0.679 1 90

0.68 1 90
0.689 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.698 1 90

0.7 1 90
0.724 1 90
0.733 1 90
0.749 1 90
0.754 1 90
0.756 1 90
0.775 1 90
0.821 1 90
0.83 1 90
0.853 1 90
0.877 1 90
0.904 1 90
0.942 1 90
1.013 1 90
1.015 1 90
1.018 1 90
1.02 1 90
1.021 1 90
1.026 1 90
1.027 2 90
1.032 2 90
1.034 2 90
1.047 1 90
1.057 1 90
1.065 1 90
1.099 1 90
1.109 1 90
1.113 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

1.146 1 90
1.172 1 90
1.184 1 90
1.195 1 90
1.222 1 90
1.225 1 90
1.237 1 90
1.239 1 90
1.249 1 90

1.3 1 90
1.438 1 90
1.46 1 90
1.515 1 90
1.522 1 90
1.541 1 90
1.611 1 90
1.681 1 90
1.694 1 90
1.712 1 90
1.723 1 90
1.732 1 90
1.748 1 90
1.793 1 90
1.935 1 90
1.952 1 90
2.005 1 90
2.02 1 90
2.023 1 90
2.109 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

2.191 1 90
2.207 1 90
2.221 1 90
2.247 1 90
2.284 1 90
2432 1 90
2.502 1 90
2.517 1 90
2.527 1 90
2.607 1 90
2.623 1 90
2.684 1 90
2.687 2 90
2.719 1 90
2.742 1 90
2.747 1 90
2.929 1 90
2.982 1 90
2.997 1 90
3.016 1 90
3.104 1 90
3.113 1 90
3.128 1 90
3.179 1 90
3.182 1 90
3.183 1 90
3.217 1 90
3.235 1 90
3.246 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

3.426 1 90
3.469 1 90
3.48 1 90
3.505 1 90
3.509 1 90
3.572 1 90
3.602 2 90
3.62 1 90
3.673 1 90
3.674 1 90
3.681 1 90
3.715 1 90
3.729 1 90
3.745 1 90
3.748 1 90
3.922 1 90
3.974 1 90
3.998 1 90
4.058 1 90
4.098 1 90
4.118 1 90
4171 1 90
4213 1 90
4.244 2 90
4.551 1 90
4.655 1 90
4711 1 90
4728 1 90
4.744 1 90
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

5.209 1 90
5.243 1 90
5.707 1 90
5.742 1 90
6.149 1 90
6.205 1 90
6.617 1 90
6.702 1 90
7.11 1 90
7.198 1 90
7.604 1 90
7.716 1 90
8.092 1 90
8.211 1 90
8.247 1 90
8.559 1 90
8.736 1 90
9.054 1 90
9.224 1 90
0 32 120
0.001 60 120
0.002 113 120
0.003 53 120
0.004 49 120
0.005 44 120
0.006 61 120
0.007 69 120
0.008 48 120
0.009 61 120
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.01 31 120
0.011 32 120
0.012 39 120
0.013 15 120
0.014 17 120
0.015 17 120
0.016 14 120
0.017 12 120
0.018 12 120
0.019 11 120

0.02 6 120
0.021 4 120
0.022 4 120
0.023 6 120
0.024 12 120
0.025 2 120
0.026 5 120
0.027 6 120
0.028 5 120

0.03 8 120
0.031 3 120
0.032 2 120
0.033 2 120
0.034 5 120
0.035 3 120
0.036 2 120
0.037 5 120
0.038 5 120
0.039 3 120
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.04 6 120
0.041 1 120
0.042 1 120
0.044 3 120
0.045 4 120
0.046 2 120
0.048 1 120
0.049 5 120

0.05 1 120
0.051 2 120
0.052 3 120
0.053 3 120
0.054 4 120
0.055 1 120
0.057 1 120
0.058 1 120
0.059 2 120

0.06 6 120
0.062 2 120
0.063 1 120
0.064 1 120
0.067 1 120
0.068 2 120
0.069 5 120
0.071 1 120
0.074 1 120
0.076 2 120

0.08 1 120
0.083 1 120
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End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.084 2 120
0.085 2 120
0.091 1 120
0.092 1 120
0.094 1 120
0.098 1 120
0.112 1 120
0.117 1 120
0.124 1 120
0.145 1 120
0.175 1 120
0.18 1 120
0.225 1 120
0.259 1 120
0.265 1 120
0.28 1 120
0.313 1 120
0.314 1 120
0.483 1 120
0.526 1 120
0.542 1 120
0.548 1 120
0.553 1 120
0.573 1 120
0.574 1 120
0.58 1 120
0.581 1 120
0.642 1 120
0.679 1 120

132



End-to-End Delay (s) # of Occurence Node Speed (m/s)

0.721 1 120
0.764 1 120
0.774 1 120
0.891 1 120
0.979 1 120
1.021 1 120
1.038 1 120
1.041 1 120
1.042 1 120
1.125 1 120
1.153 1 120
1.199 1 120
1.261 1 120
1.475 1 120
1.57 1 120
1.609 1 120
1.695 1 120
1.757 1 120
1.97 1 120
2.006 1 120
2.465 1 120
2.584 1 120
2.606 1 120
2.83 1 120
2.956 1 120
3.037 1 120
3.074 1 120
3.093 1 120
3.323 1 120
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End-to-End Delay (s) # of Occurence Node Speed (m/s)
3.451 1 120
3.53 1 120
3.564 1 120
3.587 1 120
3.815 1 120
4.018 1 120

D.2.2 Simulation Data for PPRZM Mobility Model

Table 11: Scenario2 Data for PPRZM Mobility Model

R DR NS D HC J PLR RO
AODV 4096 bps 5 11.078 2.647 11.676 0.036 4109
AODV 4096 bps 10 15.641 2529 18.642 0.055 6785
AODV 4096 bps 20 21.188 2.758 22.598 0.081 5970
AODV 4096 bps 30 26.728 2.709 26.415 0.112 6044
AODV 4096 bps 50 40.560 2.841 37.581 0.128 7631
AODV 4096 bps 70 31.7704 2.694 32464 0.181 8553
AODV 4096 bps 90 67.101 2.792 46.494 0.196 8873
AODV 4096 bps 120 78.605 2.646 52.679 0.216 10103
OLSR 4096 bps 5 6617 2371 4818 0.063 171108
OLSR 4096 bps 10 8.058 2277 6453 0.162 177440
OLSR 4096 bps 20 15.811 2353 15730 0.371 161998
OLSR 4096 bps 30 17.584 2300 16.894 0.491 153758
OLSR 4096 bps 50 38432 2335 34258 0.650 131518
OLSR 4096 bps 70 45347 2313 48159 0.742 119946
OLSR 4096 bps 90 63.132 2.177 58.858 0.768 100425
OLSR 4096 bps 120 79.246 2.041 73.636 0.825 86492

AntHocNet 4096 bps 5 2792 3352 1.235 0.010 4188
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R DR NS D HC J PLR RO
AntHocNet 4096 bps 10 5.346 3402 3320 0.045 4406
AntHocNet 4096 bps 20 8777 3302 7.569 0.063 5270
AntHocNet 4096 bps 30 11.188 3.322 10.442 0.082 5240
AntHocNet 4096 bps 50 16.293 3.430 17.613 0.112 5705
AntHocNet  4096bps 70 20.112 3.465 24.166 0.141 5624
AntHocNet 4096 bps 90 26.955 3.267 35.452 0.166 5840
AntHocNet 4096 bps 120 27.874 3.178 33.377 0.195 6056

AODV 16384 bps 5 6779 2634 5569 0.036 4341
AODV 16384bps 10  9.463 2531  7.563 0.069 5822
AODV 16384 bps 20 11.786 2.706  7.512 0.071 5305
AODV 16384 bps 30 12.514 2747 9279 0.130 7405
AODV 16384bps 50 21.668 2.835 13.097 0.198 9363
AODV 16384 bps 70 29.557 2.661 17.013 0.235 10295
AODV 16384 bps 90 25.254 2.623 17.950 0.287 9889
AODV 16384 bps 120 54.048 2.566 23.782 0301 11380
OLSR 16384 bps 5 4489 2387 3268 0.051 170182
OLSR 16384 bps 10  8.269 2306 5.609 0.182 175788
OLSR 16384bps 20 10400 2381 6.859 0372 156636
OLSR 16384 bps 30 15.267 2.353 10918 0.479 144257
OLSR 16384 bps 50 21.405 2.296 16.130 0.662 126131
OLSR 16384bps 70 29.193 2243 22433 0.749 107076
OLSR 16384 bps 90 30.895 2.102 24.448 0.788 94672
OLSR 16384 bps 120 42.384 2.095 32.087 0.846 81410
AntHocNet 16384 bps 5 2348 3399 1.066 0.013 4588
AntHocNet 16384bps 10  5.508 3.310 3.358 0.051 4896
AntHocNet 16384bps 20 6.666 3.515 4.568 0.087 5697
AntHocNet 16384 bps 30 7.202 3476 4510 0.116 5890
AntHocNet 16384bps 50 10.827 3.635 7.311 0.128 7084
AntHocNet 16384bps 70 10.671 3.608  7.043 0.149 7572
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R DR NS D HC J PLR RO
AntHocNet 16384bps 90 12.354 3518 8902 0.169 8142
AntHocNet 16384 bps 120 14.735 3.443 10.502 0.199 8650

AODV 65536 bps 5 64495 2.674 15.806 0.161 12853
AODV 65536 bps 10 37.620 2362 12.862 0.229 14694
AODV 65536 bps 20 23.031 2.676 7.949 0.307 8775
AODV 65536 bps 30 25.152 2.689 8.630 0.330 10303
AODV 65536 bps 50 30.717 2.699 9.192 0371 10376
AODV 65536bps 70 32.196 2508 8.862 0.462 10988
AODV 65536 bps 90 34999 2398 10.284 0460 11141
AODV 65536 bps 120 37.400 2330 11.393 0.497 12475
OLSR 65536 bps 5 20.550 2449 8.291 0.106 161360
OLSR 65536 bps 10 15.143 2301 7.819 0.219 163973
OLSR 65536 bps 20 18.820 2.430 10.523 0.420 137737
OLSR 65536 bps 30 20.015 2.392 10903 0.540 125433
OLSR 65536 bps 50 24385 2.334 13.256 0.708 104725
OLSR 65536bps 70 28.923 2289 13.834 0.772 89792
OLSR 65536 bps 90 36.585 2.148 16314 0.811 81035
OLSR 65536 bps 120 47.943 1931 19.460 0.851 70141
AntHocNet 65536 bps 5 25587 3.071 9.177 0.115 5988
AntHocNet 65536bps 10 22.721 3.264 10.237 0.154 6711
AntHocNet 65536 bps 20 27.456 3.505 10.063 0.221 8632
AntHocNet 65536 bps 30 30.252 3.477 12511 0.248 9930
AntHocNet 65536bps 50 30.187 3.380 11.747 0.291 11268
AntHocNet 65536bps 70 27.087 3.449 10.847 0.315 12211
AntHocNet 65536 bps 90 30.537 3.490 12.278 0.355 12869
AntHocNet 65536 bps 120 25.649 3.268 12.005 0.405 14574

D.2.3 Simulation Data for RWP Mobility Model
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Table 12: Scenario2 Data for RWP Mobility Model

R DR NS D HC J PLR RO
AODV 4096 bps 5 9378 2570 11.112 0.045 4214
AODV 4096 bps 10 22.073 2459 25.626 0.068 6944
AODV 4096 bps 20 21.388 2.538 24765 0.102 10914
AODV 4096 bps 30 26.673 2.715 29.011 0.085 10079
AODV 4096 bps 50 44220 2.687 50.620 0.131 13189
AODV 4096 bps 70 43368 2.585 45530 0.151 15506
AODV 4096 bps 90 68.521 2492 66.253 0.175 17078
AODV 4096 bps 120 61.246 2.330 51.988 0.229 16724
OLSR 4096 bps 5 7370 2307 6.271 0.050 171889
OLSR 4096 bps 10 11.760 2.253 10.242 0.144 185618
OLSR 4096 bps 20 14.431 2.257 13.248 0.328 187884
OLSR 4096 bps 30 16.267 2330 15.584 0.446 178659
OLSR 4096 bps 50 32192 2275 25.041 0.635 160232
OLSR 4096 bps 70 26.135 2.012 26.537 0.720 138132
OLSR 4096 bps 90 36986 1.850 26.101 0.843 115551
OLSR 4096 bps 120 71.580 1.917 62.382 0.881 86566
AntHocNet 4096 bps 5 3.084 3309 1.602 0.008 4175
AntHocNet 4096 bps 10 5.876 3.167 4.892 0.059 4878
AntHocNet 4096 bps 20 9877 3386 8.451 0.065 4991
AntHocNet 4096 bps 30 12701 3.244 12915 0.091 5070
AntHocNet 4096 bps 50 21.277 3.224 26.652 0.115 5674
AntHocNet 4096 bps 70 26440 3.066 35920 0.165 6029
AntHocNet 4096 bps 90 30.175 2985 42987 0.188 6043
AntHocNet 4096 bps 120 32.907 2.888 45.237 0.232 5895

AODV 16384 bps 5 8532 2629 6.266 0.044 4653

AODV 16384bps 10 17.113 2436 13.909 0.073 8298

AODV 16384 bps 20 11.286 2.508 9.602 0.086 11669

137



R DR NS D HC J PLR RO
AODV 16384 bps 30 17.089 2.543 14.809 0.151 11517
AODV 16384 bps 50 22591 2511 20939 0.180 14392
AODV 16384 bps 70 21.202 2.373 19.079 0.185 17078
AODV 16384bps 90 53.007 2514 27.920 0.225 19927
AODV 16384 bps 120 64.972 2294 24.084 0.276 18528
OLSR 16384 bps 5 5278 2298 4.008 0.054 170153
OLSR 16384bps 10 8372 2228 5961 0.177 181217
OLSR 16384 bps 20 11.400 2277 7.729 0.332 180614
OLSR 16384 bps 30 16.663 2.335 13.518 0474 171611
OLSR 16384bps 50 22406 2258 20.069 0.639 154387
OLSR 16384 bps 70 15.264 2.023 12.859 0.737 128387
OLSR 16384 bps 90 21.930 1.854 17.187 0.834 107581
OLSR 16384 bps 120 24.590 1.808 15457 0905 81564

AntHocNet 16384 bps 5 2071 3125 1.302 0.013 4236
AntHocNet 16384 bps 10  9.361 3.195 6.001 0.072 5103
AntHocNet 16384bps 20  6.655 3.374 4975 0.081 5475
AntHocNet 16384bps 30 8961 3407 6.286 0.111 5703
AntHocNet 16384 bps 50 14.454 3.371 10.808 0.141 7064
AntHocNet 16384bps 70 12.684 3.075 9.564 0.170 7524
AntHocNet 16384 bps 90 15.507 3.067 11.781 0.196 8030
AntHocNet 16384 bps 120 15.570 3.070 11.771 0.226 8807
AODV 65536 bps 5 71251 2598 19.562 0.173 12835
AODV 65536 bps 10 56.454 2457 15397 0.186 15235
AODV 65536 bps 20 48.623 2.484 15.799 0.219 15007
AODV 65536 bps 30 42776 2.570 13.739 0.347 13888
AODV 65536 bps 50 45536 2415 13.847 0389 14462
AODV 65536 bps 70 48974 2.269 15331 0377 17874
AODV 65536 bps 90 45530 2.231 14.369 0450 17497
AODV 65536 bps 120 58.608 2.117 15.817 0.476 19026
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R DR NS D HC J PLR RO
OLSR 65536 bps 5 16290 2313 5992 0.095 164043
OLSR 65536 bps 10 14951 2263 7.866 0.188 170068
OLSR 65536 bps 20 23.542 2.200 13.359 0.404 161562
OLSR 65536 bps 30 21.139 2313 11.853 0.485 150142
OLSR 65536 bps 50 26437 2342 15906 0.725 123685
OLSR 65536 bps 70 22352 2.024 12.518 0.781 106265
OLSR 65536bps 90 23257 1.889 12.736 0.871 87922
OLSR 65536 bps 120 43.044 1908 21.270 0.920 66745

AntHocNet 65536 bps 5 19.144 3.153 8.235 0.079 5332
AntHocNet 65536bps 10 49.705 3.024 15.084 0.163 6544
AntHocNet 65536bps 20 33.324 3.123 12.344 0.219 8457
AntHocNet 65536 bps 30 51.564 3.298 19.905 0.267 9469
AntHocNet 65536bps 50 32.158 3.163 12.772 0.296 10824
AntHocNet 65536bps 70 27.192 3.116 11.619 0.355 11495
AntHocNet 65536 bps 90 33.553 2975 13770 0.398 12668
AntHocNet 65536 bps 120 35.093 2927 14.732 0412 13884
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